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Abstract This article continues the review of fundamental 
physical properties of iron and its complexes in silicon (Appl- 
Phys A 69, 13 (1999)), and is focused on ongoing applied 
research of iron in silicon technology. The first section of 
this article presents ah analysis of the effect of iron on de- 
vices, including integrated circuits, power devices, and solar 
cells; Then, sources of unintentional iron contamination and 
reaction paths of iron during device manufacturing are dis- 
cussed. Experimental techniques to measure trace contamina- 
tion levels of iron in silicon, such as minority carrier lifeitime 
techniques (SPV, H.-PCD, and ELYMAT), deep-level tran- 
sient spectroscopy (DLTS), total X-ray fluorescence (TXRF) 
and vapor-phase decomposition TXRF (VPD-TXRF), atomic 
absorption spectroscopy (AAS), mass spectrometry and its 
modifications (SIMS, SNMS, ICP-MS), and neutron acti- 
vation analysis (NAA) are reviewed in the second section 
of the article. Prospective analytical tools, such as heavy- 
ion backscattering spectroscopy (HIBS) and synchrotron- 
based X-ray microprobe techniques (XPS, XANES, XRF) 
are briefly discussed. The third section includes a discussion 
of the present achievements and challenges of the electro- 
chemistry and physics of cleaning of silicon wafers, with an 
emphasis on removal of iron contamination from the wafers. 
Finally, the techniques for gettering of iron are presented. 

PACS: 61.72.-y; 66.30.-h; 71.55.Cn; 78.70.Gq; 81.05.Cy; 
81.65.-b; 81.70.-q; 82.80.-d; 85.30.-z; 85.40.-e 



Progress in silicon technology has been phenomenal since the 
invention of the transistor some fifty years ago. Device per- 
formance has improved by at least a factor of a million in 
every respect As the number of transistors per chip increases 
past 200 million for 256 MB DRAM and 20 million for mi. 
coprocessors, device yield is becoming ever more sensitive 
to defects and impurities;. The Semiconductor Industry As- 
sociation (SIA) International Technology Roadmap specifies 
1.4 x 10^° cm" 2 as the maximum allowable surface irbn con- 
tarrunation in the year 2000, decreasing; to 5 x lO^cirr 2 of 



iron in 2005 {!]. These low levels of acceptable comarmnar 
tion require ultrapure environment on all steps of the rtech? 
nological process and are close to the limit of the, present 
capabilities of most diagnostic tools. ; • ' ^ L ; : 

Iron is certainly one of the most troubling wnraminants 
in the IC industry. Iron is a very common element in: na- 
ture, and is difficult to completelyeliminate on a production 
line. Therefore, the unintentional jron contamination level 
in wafers is usually higher than that of other metal irnpuri- . 
ties [2]. The major reasons why transition metals in general; 
and iron in particular, are detrimental for silicon devices are 
(i) transition metals as well as their complexes arid, ;precir>- 
itates introduce deep levels in the band gap,; reducing the 
minority carrier lifetime, or generating minority carriers in 
depleted regions; (ii) the incorporation of metals^ntp the gate 
oxides, or their precipitation at Si/SiOi interfaces degrades : 
MOS device yieldv(iii) very high diffusion coefficients at 
high processing temperatures can result in fast contamination 
of large wafer areas even from point sources and from the 
wafer backside; (iv) the steep temperature dependence of the 
solubility means that metals become supersaturated during 
cooling even at relatively low concentrations; and may form, 
precipitates or complexes, deIeteriQU$ly affecting the device 
yield; and (v) the relatively high diffusivity of most transition 
metals even at low temperatures facilitates the . defect reac- 
tions involving supersaturated metals [3]. 

In this article, we will discuss the iron-related issues thai 
the silicon industry has to deal with on a daily basis; and will 
show that all these problems can be tracsed baefc to the fuh- : 
darnental physical properties of iron in silicon. The outlinf of . 
this review is as follows: first, we will discuss the impact of ' 
iron on device yields p^ible sour^ 
on the production line, : and the ^ reason paths of ? iron in sili* 
con wafers during device m^ufactiiring; Then, we; >viU give : 
an overview of measurement tecluaiqtjes'for tr^;OTrjc^tr^- 
tions of iron on the surface and in the bulk of silicon - IThs is ; 
followed by a discussion of the physics ^dc^ 
cleaning of siheon wafers and rie gettering te^qoes pf 5roo;- 
in silicon. 




brei^dbsyn voltage of [.-gate oxides,; The commonly reported 
mech#i^^ faihjie from iron 

contamination is the formation of iron precipitates at the 
: .-/Sj/S^'int^a^, ^ wfiicbirequently penetrate into the silicon; 
dio^fe; Th^ n^leation and ^wth of iron-silicide; precipe 
itates at the Si/SiO* interface is stimulated by excess sili- 
con setf-interstitials injected into the wafer from the growing 
: oxide. Hie excess self-interstitials relieve the tensile strain 
around die Rowing FeSi2 precipitates caused by a differ- 
ence Jin lattice ^volumes of iron-silicide and silicon [4,5]. 
Iron^sUiridep^ in the form of pyra- 

mid^ ^FeSi^^], rod-like ot-FeSi 2 [7-il], or FeSi [12]. 
Some authors reported precipitates of a^FeSi 2 [11], y-Fe2(>3, 
or y-Fe2Si0 4 {12] in the oxide layer itself. The breakdown 
strength of the oxide is decreased by either local thinning of 
; the oxide near a precipitate, pr by the increased concentration 
of the electric field at the tip of the precipitate [8, 13,14]. Ad- 
ditionally, fora^tiioh of ironrrelated traps in the oxide may in- 
crease the probability of tunneling of charge carriers through 
the oxide [15-1^. Other mechanisms of metal-enhanced 
oxide breakdown include the increase of surface roughness 
in die . presence of metal contamination (see Sect, 5.3), the 
decomposition of the oxide in the presence of metals [18],and 
the formation of metal-silicates in the oxide [19]. 

While the possible degradation mechanisms are generally 
agreed upon, establishing a quantitative correlation between 
the breakdown electric field strength, £ B d, and surface or 
bulk iron concentration is difficult since E B d depends not 
only on the iron concentration, but also on the oxide thick- 
ness and the presence of gettering mechanisms. The compre- 
hensive study of Henley et aL [14, 20-22] revealed that the 
breakdown voltage of thin oxides is much more sensitive to 
iron contamination than that of thick oxides. * 
The dependence of critical iron bulk contamination level 
for different oxide thickness, based on the data of Henley [14] 
as well as on the other literature data [7, 8, 23-32] is plotted 
in Fig. 1 . It must be noted that the authors did not always sup- 
ply all the information needed to generate this plot and some 
reasonable assumptions had to be made. The reader should 
refer to the individual papers for the details of those studies. 
Hie scatter in the data points in Fig. 1 for thicker oxides is 
partly explained by the difference in bulk properties of the 
wafers. For instance, Mertens et aL [25] demonstrated that 
Fe-contaminated FZ wafers showed much lower gate oxide 
integrity than identically contaminated and treated CZ wafers. 
This was explained as gettering effects, i.e., inability of FZ 
wafers to trap toe Fb in the bulk, leaving all the metal free 
to reach the wafer surface. In fact, the observed difference 
in surface Fe coi^entration between FZ and CZ wafers after 
identical heat o^tment was about a factor of 5 [25], Analy- 
sis of data points in Kg. I. shows that there is an obvious trend 
that^ox^de breakdown becomes more sensitive to irbn con 
tamination as oxides become thinner, atleast down to 8 na 
T^e question w^ 

oxides thiiuier^ re _ 
mains uncertain. Recent study by b'Amico et al. [15], who 
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Kg. X The dependence of the critical bulk iron contamination level for gate 
oxide breakdown versus oxide thickness. The breakdown electrical field 
is indicated in the legend. The solid line was obtained by a least-squares 
frt? ti^ data points and is given by the equation N(Fe) = 1.53 x 10 11 x 
10°; , where #(Fe) is the bulk iron concentration in cm" 3 , and d is the 
oxide thickness in nm. The cross-hatched pattern highlights the area of thin 
oxides, which is not yet sufficiently studied 



compared the effect of iron on 7-nm and 3.5-nm oxides, in- 
dicated that thin (3.5 nm) oxides are actually less sensitive to 
trace iron contamination than thicker (7 nm) oxides. This was 
explained by a different mechanism of electrical breakdown 
of thick and thin oxides: whereas leakage currents of oxides 
thicker than 5-10 nm are determined primarily by metal pre- 
cipitates at the Si/SiCb interface, trap-assisted tunneling, and 
recently suggested mechanism of local increase of dielectric 
permittivity of the oxide by electrical charge trapped inside 
of Si02 [17], leakage and breakdown of very thin oxides is 
determined by direct tunneling of charge carriers through the 
oxide [15, 16]. In other words, ultrathin oxides are inherentiy 
leaky, but their leakage currents appear to be weakly affected 
by iron concentration, at least as long as the contamination 
level is low. Further investigations are required to verify this 
finding and to quantify the effect of iron on ultrathin oxides. 
In any case, the value of approximately 2 x 10 11 cm -3 of dis- 
solved iron, obtained by extrapolation of the straight line in 
Fig. 1 to the zero oxide thickness, can be used as a lower es- 
timate of the maximum dissolved iron concentration, which 
would not affect the gate oxide integrity. This bulk concen- 
tration would correspond to approximately 1.5 x 10 10 cm~ 2 
of surface iron contamination, assuming that all iron diffuses 
into the bulk during oxidation; However, it should be empha- 
sized that several literature repprts indicated (see discussion 
in Sect 3) that under certain oxidation conditions, the surface 
iron contamination may remain bound in the oxide, suppos- 
edly due to the formation of iron oxides or silicates, rather 
than diffuse into the bulk. In this case, one may expect un- 
proportionally strong.effect of the. surface contamination as 



compared to- the bulk.cpntararinatioiu ■'.T^yani& et^ai; : .{l^ 
provided a convincing example; how the breakdoWri yield of . 
MOS devices may depend on the distribution of iron, in the 
oxide. T : .~\- v : : ':.y "■• . ■ 

Another important detrimental effect of iron on MQS de- 
vices is that interstitial iron, and to a lesser extent FeB pairs, 
act as minority earner generation sites; when minority carriers 
are depleted. In a dynamic random access memory (DRAM) 
cell, the stored charge becomes corrupted at a faster rate if mi- 
nority carrier generation sites such as iron are present This 
requires the DRAM cell to be more frequently refreshed and 
can lead to refresh failures [28]. In charge-coupled device 
(CCD) imagers, thermally generated minority carriers can- 
not be distinguished from photon T generated minority carriers, 
and thus give false photon counts [33], 

Assuming that the main generation centers are interstitial 
iron and FeB pairs, the iron concentration can be deduced 
from the difference in generation rate before and after a ther- 
mal or light dissociation of FeB pairs. Obermeier et al. [34} 
give an expression relating the generation lifetime, t, to iron 
concentration, iV(Fe), as, 



//(Fe)«8xl0' 



[— -— 1 
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where the lifetimes, tj^., and TpeB, are measured in seconds, 
and N(Fe) is measured in cm -3 . Walz et al. [35] observed 
a linear dependence between (r^l — r^} B ) and Fe,- concen- 
tration a few years before [34]. Although they did not sug- 
gest an expression of the type (1), their data enable one to ex- 
tract a proportionality coefficient in ( 1 ) of 5 .7 x 10 8 . Note that 
(1) does not take into account the possibility of generation 
of minority carriers by complexes of iron other than FeB, al- 
though recent studies of McColgin et al. [33] indicated that 
clusters of iron atoms, whose microscopic structure is not un- 
derstood yet, may have generation rates orders of magnitude 
higher than Fe,-, and thus are extremely deleterious for devices 
sensitive to minority carrier generation. 

7.2 Effect of iron on junction devices 

When dissolved in silicon, iron forms deep levels [36] which 
act to degrade junction device performance by the generation 
of carriers in any reverse-biased depletion region [37, 38]. In 
bipolar junction transistors, generation-recombination centers 
formed by dissolved iron generally increase the base currents, 
degrading the emitter efficiency and base transport factors. 
The net result is an increase in leakage currents [39-41], 
the lowering of the reverse-bias breakdown voltage in thyris- 
tors [42], and the increase of the device noise [43], power 
consumption and heat production [44], Even more debilitat- 
ing are the effects of iron rod-like precipitates, which have 
been observed to cause emitter-collector shorts [45-^47]. 

In crystalline and polycrystalline photovoltaics, iron con- 
tamination provides recombination centers which reduce the 
minority carrier diffusion length and consequently the solar 
cell efficiency. In general, minority carrier diffusion, lengths 
in solar cells should be equal to or exceed, the wafer thick- 
ness. For a 300-^jn-thick solar cell, the concentration of 
irondboron: pairs which would limit the diffusion! length at 
Ld = 300 M-m *s approximately 5 x 10 1 !. cm" 3 [48]. This es- 
timate agrees with recent studies of Reiss et al. [49], who 



found that 5 ^10^<ot~^^ 
may decrease thevefBdenc^ of X^i^ 
:Inyinulti(^siaUine:'^^;.ceUs,^ iron ^l^•;fp^^;^W^d^^;^ : 
extended defe<te, making i&em e^ 
tive ^50-54]., FurihernK)^ 

high defect densities leads to regions of lo^imi^^^ 
rier diffusion lengths, which result; in locally lovy^ generated 
openrcircuit voltages, Vbc. In terms of the- wafere^aen(^> 
these local regions act as shuntsfor power generated in heigfc- ; ' 
boring regions with higher 

tionally lower cell performance: [55],rChe effect of enhanced 
precipitation of iron in areas; of high density of intragraniir > 
lar micrpdefects has been demonstrated by : Bafley^et ; aL [56]. 
Additionally, Miremadi et al. {57} suggested that iron con- 
tamination of grain boundaries may enhance the: elecstripaj: 
conductivity along: these boundaries, which al^: <^:potep^ 
daily shunt the solar cells. 



2 Sources of unintentional iron contamination : ; : 

Wafer manufacturing includes a number of technological prch i 
cesses, starting with the growth of silicon crystals, followed 
by slicing, polishing, cleaning, and packaging of wafers, and: 
then IC fabrication which entails a number of thermal treat- 
ments, chemical cleanings, and ion implantation. Each of 
these steps can either add iron contamination to the wafers, 
or remove it (for example, cleaning steps). Hie exact amount 
of contaminants introduced in each step, and the nature of 
accidental increases of contamination levels are usually kept 
confidential by semiconductor companies. Those data that are 
disclosed often become obsolete by the time they are pub- , 
lisbed. Hence, it makes little sense to discuss specific contam- 
ination levels that occurred in a specific piece of equipment 
years ago. However, the sensitivity of different process steps 
to unintentional contamination and the physics of: contami- 
nation and its prevention seem to be weakly dependent on: 
details of technological processes and deserve to be addressed 
in this study. -v-.- .\ 

Contaminations can be classified as grown-in (impuri- 
ties in polysilicon feedstock and contamination; during crys? 
tal growth), and as introduced from chemicals (for example, 
gases, wet chemistry, photoresist* water), from processing 
equipment (furnaces, ion implanters, reactive ion etching and 
rapid thermal annealing systems, polishing machines, electric 
cal measurement tools, wafer handlers, or tools for number- 
ing or marking),, and from handling between these steps (by 
wafer carriers of even from the ambient air) [58-61]. Staitir 
less steel, widely used in fabrications facilities, is thought to ; 
be one of the major sources of. iron ^ [20, 621/ Gas delivery 
systems are one of possible sources of contaminants,; napisr; 
ture, and particles [63,64]. Humidity in gas delivery systems 
may result in the. corrosion of gas pipes;: which leads ;U>; an 
enhanced metal contamination of the wafers [64]v Avoiding 
contamination frpm the £ 
ial chemical vapor deposition reactors. i r-y 

The starting concentration of iron, in polysilicon feed- 
stock steadily decreases with the development of silicon pur ; 
rification technology. The 1957 studies of Jame^iet al; [65}; 
revealed iron concentration in sittwn ( ^ ab^ 
which is close to the ; maximum solubility of iaterstitial irpn; 
in Si. In 1975, Fe fCpncentratioo in polysilicon; was; about , 



^ : v ^j{^] /: 2pwaled;-that : :the :iron^eoncentration in ^polysiii- 
COT ;i$;!bplow 2^5 "x iO^ cm^.r Although these iron concen- 
: t^ roadmap 
: \ requireme^^^ since 
<^oclm^^ is the 

most;pp>yerfiil purifying step in the whole process of produc- 
$ori -of sUicoji;devi(^.J^Iliis; is because iron,- as well as many 
btheritramsitioii .metals, has a low; £ ^ 1, segregation coef- 
fi&enr(ako ^ for the case of 

segregation between the ciystal the melt), whic^ 
that silicon • is purified during -crystal growth by segregation 
; of impurities in the melt: One of the experimental confirma- 
tions for this was obtained in the neutron activation analysis 
(NAA) studies of Schmidt and Pearce [69]. They found that 
/ the silicon crystal, grown from severely contaminated melt, 
contained iron in concentrations below the sensitivity limit 
(5 x 10 13 cm" 3 ), whereas the polysilicon residue, which re- 
mained in the quartz crucible after the growth (about 10% of 
the original charge) contained 6 x 10 l? cm" 5 of iron. 

Literature data On the distribution coefficient of iron be- 
tween silicon solid crystal and the melt are in reasonably good 
agreement: 10" 4 , as reported by James et al. [65], 8 x 10" 6 as 
reported by Trumbore.[70], 3 x KT 5 as reported by Bugayet 
al; [71], 4^6 x 10~ 6 as reported by Mishra et al. [72], 5 x 10"* 
to 1 x 10~ 5 as follows from the experiments of Collins [73], 
and 7 x 10 -6 as derived by Weber [74,75]. Thus, the aver- 
age value of distribution coefficient isabout 10~ 5 . This seg- 
regation effect enables the silicon suppliers to grow crys- 
tals with an iron content below the sensitivity limit of the 
available analytical tools, and below the requirements of the 
SIA roadmap, Le., 10MQ 9 cnr 3 [76, 77]. Despite purifica- 
tion during crystal growth, precautions should still be taken 
to avoid severe additional contamination from the dopants, 
quartz crucible [76], or puller assembly. The graphite parts 
of the puller assembly are of particular importance, since the 
graphite can emit iron as a vapor which is then transported 
to the melt [78, 79]; Photovoltaics manufacturing uses simpli- 
fied low-cost technologies for the growth of multicrystalline ' 
silicon (mc-Si), and cannot benefit from the segregation ef- 
fects of transition metals in the melt to the same extent as 
monocrystalline technology does. For instance, relatively re- 
cent studies of the silicon wafers for solar cells, reported by 
Huber et al, [68] revealed iron concentrations of about 1 ppb 
(2.5xiO I3 cm- 3 ). 

Slicing and mechanical lapping are, according to [69], 
very dirty operations, which may badly contaminate wafers 
with a variety of impurities. Fortunately, the wafers are sliced 
and lapped at room temperature, where the diffusivity of most 
transition metals (with the only exception of copper, [80]) is 
sa low that the metals do not penetrate into the bulk of silicon. 
Thus, almost all of this contamination can be easily removed 
in the subseqiient chemical cleaning step. 

: : Thepossibility to contaminate the wafers during handling = 
is : now well known, and metal tweezers are never used if the 
wafesr will be inserted in t^e furnace on the next step. Schmidt 
er at [69] showed that one xan introduce about 2 x-10- 3 cm" 3 
of Fe in a 3rinch; silicon wafer jiist by lifting it repeatedly 
with metal tweezers. Gdrrespondirigly, surface haze was ob- 
served at the wafer surface where contact with stainless steel 
of kbvar tweezers was made [81] Despite the use of plastics 
instead.of metals; contamination of ^wafers from handling (al^ 



though on much lower levels) remains: one of thej.important 
sources of transition metals, ^nd: usually occurs as. backside 
. contamination [82], 

Cleaning processes can paradoxically be not only a rem- 
edy against unintentional contamination, but also one of 
the major sources of impurities in silicon wafers. [2, 83, 84]. 
The quaKty of chemicals used itt the semiconductor, indus- 
try has improved drastically: the concentration of anions, 
cations, arid particles in the . chemicals has, decreased by 5* 
orders of magnitude over the last 12 years [85]. Unfortu- 
nately, even if the incoming chemicals are strictly controlled, 
chemicals can be contaminated during their distribution in 
the recirculation/filtering loop of the wet benches by defects, 
such as a corroded valve or a loss of pump integrity [3,83]: 
It was reported that ion-exchange resins, used in water regen- 
eration systems, may under certain conditions become crucial 
iron contamination sources [86]. 

Contamination of wafers during high-temperature an- 
neals, particularly during steam oxidation, was a major source 
of metal contamination in the silicon industry in the begin- 
ning of the 1980s (most of the "quenched-in" defects [87-^90] 
and 'thermally induced donors'* [91-93], discussed at that 
time, were associated with unintentional iron contamina- 
tion). Contamination is most easily possible at temperatures 
larger than 1 100 °C since (i) metal species become volatile at 
these temperatures and can be transported inside of the fur- 
nace via the gas phase, and (ii) because SiC, used instead 
of fused silica in high-temperature furnaces, contains more 
impurities than the silica [3,82,94]. Although the tempera- 
tures of anneals and oxidations have decreased in the last 
years, thus decreasing the probability of contamination, con- 
tamination from the furnaces remains an important source 
of iron as the maximum tolerable contamination levels also 
continue to decrease [2,82,95-97]. Weber and Riotte [98] 
suggested two contamination processes, a fast diffusion of 
the surface iron contamination into the bulk and a slower 
contamination from the furnace ambient DeBusk et al. [99] 
pointed out that rust on various stainless steel, fused silica, 
and O-ring components can be transported as vapor by the 
oxidation ambient of a furnace system and contaminate the 
wafers. 

The authors of this review expect that heating coils are 
a major source of iron contamination in furnaces. Analysis of 
Schmidt et al. [69] revealed that metals diffuse from the fur- 
nace metal parts and impure SiC liners through the walls of 
the quartz tube. This diffusion was found to have a very steep 
temperature dependence, resulting in an enormous increase in 
the contamination level of the wafers if the temperature ex- 
ceeded approximately 1150°C. Schmidt et al. [69, 100] sug- 
gested that at high temperatures transition metals diffuse pref- 
erentially along incipient grain boundaries in vitreous quartz. 
They showed that an effective way to eliminate contamination 
from the metal parts of the furnace is to use a double-walled 
quartz tube with an HCl-containing gas flowing between the 
inner and outer walls of the tubes [69, 100, 101]. 

Quartz ; itself may contain significant amounts of tran- 
sition metals, and may thus be a source of unintentional 
contamination [102-104]. Iron in the form of NaFeSi 2 0 6 
or NasFeSitO^ is a common impurity in natural and syn- 
thetic quartz [105], Natural quartz has higher concentration 
of imparities than the fused quartz, but it also has a higher 
mechanical Stability at elevated temperatures. The follow- 



ing values for iron concentration were reported in the \iu 
erature: 4 ppm and less in natural quartz [69/106]; 70 to 
200 ppb in electric-fused and: flame-fused quartz [68, 102, 
106]vand below 10 ppb In highly purified quartz glass [102]/ 
Feichtinger [107] and Borchardt et al. [108] showed that the 
level of unintentional iron contamination can be drastically 
reduced by using silicon sample holders instead of the quartz 
holders. 

Hattori [109] and Sigiura [110] pointed out that generally, 
all equipment that utilizes plasma and ions (ion implantation, 
dry etching, resist ashing, sputtering, plasma CVD equips 
ment, etc.) may introduce significant (in some instances, up 
to 10 I2 -10 13 cm" 2 ) metal contamination. Hie unanticipated 
sputtering of metallic parts in the plasma equipment by ions 
and by abnormal discharges (or what is called micro-arcing) 
can lead to metal deposition. Zoth and Bergholz [11 1, 1 12], 
Jastrzebski et al. [2,21], Polignano et al. [113] and Joubert 
et al. [114] reported that ion implantation could cause iron 
contamination up to 10 ,3 cm~ 2 , whereas a plasma etch and 
resist ashing could introduce iron in concentrations up to 
10 12 cm" 2 . One should keep in mind that much effort has 
been done to reduce the contamination from these process- 
ing steps, and the actual contamination levels are steadily 
decreasing and are presently below 10 n cm -2 [59, 82]. Since 
contamination during ion implantation mainly comes from 
ions sputtered from sample holders or metal parts of the 
chamber, impacted by the ion beam [113, 115], the energy 
of these ions is much lower than that of the beam ions, and 
they do not penetrate deep into the wafer. It was shown that 
a sacrificial oxide of about 20 nm, which is removed after 
the implantation, is sufficient to completely protect the sil- 
icon from contamination during ion implantation [82, 113]. 
An improved design of the implanter, which includes instal- 
lation of silicon sputtering protection boards, was also shown 
to decrease the metal contamination levels [115]. 



3 Physics of iron contamination: reaction paths of iron 
in silicon 

Only a thin layer at the top of the silicon wafers, usually on 
the order of 1 (xm, is used to manufacture integrated circuits. 
The rest of the wafer, i.e., over 99.8% of its volume, is used 
only as a substrate to mechanically support the device layer. 
Transition metal contaminants, introduced at the front or back 
surface of the wafer, will diffuse through the wafer and may 
form complexes/agglomerates/precipitates either at the de- 
vices, or somewhere in the substrate. Clearly, iron will affect 
devices only if it is located in their close vicinity. The final 
location of iron depends to a significant extent on the physi- 
cal properties of the wafer (such as concentrations of oxygen, 
carbon, type of surface defects and type of devices fabricated 
on the wafer) and the sequence of heat treatments, implan- 
tations, and oxidations done to the wafer. Understanding of 
the sources of iron contamination on the production line can 
help to decrease the iron contamination levels, but cannot 
eliminate iron completely. To fully understand and predict the 
detrimental effect of iron on devices, and to engineer its be- 
havior in silicon wafers by gettering, it is important to know 
the defect reactions of iron during the process of fabrication 
of integrated circuits. 



The analysis of the^phys^ 
part of our review [11$, d^ 

and diffuses in ; silicon /in^tbe infei^tial'f state ;If ,:a& iroiai > 
-.contaminated. v wafer is cooled:':^ : ^Siioh^^ili!; 

be quenched at interstiti^ 
at Ey + (O;38i0;01) eVi Howev^sina? 
can diffuse short distances in the. waferiatTobral^ 
ture (its diffusion [coefficient :at: 20 ^GlsiV approximately 
3 x 10~ 15 cm 2 /s), it quickly forms pairs with shallo w accept 
tors, for example, boron; ; The driving force for this rea^libri" 
is electrostatic attraction between; positively charged^ (in P7S1 
at room temperature) interstitial iron and negatively chairged 
boron; FeB pairs form a donor level at £y + ? 0.1eV, and an 
acceptor level at Et — (0.26 ± 0.03) eV. Although FeB pairs 
are stable at room temperature, theycan be easily dissociated ; 
by annealing the sample at 200 5C, or by shining bright white 
light on the wafer. The reactions of association and dissoda T 
tion of FeB pairs, which reversibly change the electrical levels 
associated with iron and its recombination activity, is the 
major fingerprint of interstitial iron in silicon. Besides com- 
plexes with shallow acceptors (B, Al, Ga, In, Tl); interstitial 
iron is known to form electrically active complexes with gold, 
silver, zinc, platinum, palladium, sulfur, and, oxygen. These 
complexes altogether form : about 20 energy levels in the sil- 
icon band gap. Furthermore, several types of agglomerates of 
interstitial iron atoms and vacancies were observed (see [ 1 16] 
for a detailed discussion and bibliography). The versatility 
of defect reactions involving iron makes understanding and 
modeling the behavior of iron in real-life processing con- 
ditions very difficult, and requires precise knowledge of all 
reaction constants. Although a great number of issues remains 
unresolved, significant progress has been made: in the past 
years. In the following, we will discuss the physics of some 
of the defect reactions, which were put of the scope of out 
first review [1 16], such as precipitation of iron in the bulk at 
extended defects, and at the silicon-silicon dioxide interface. 
Additionally, in Sect ; 6, we will discuss engineering of iron in 
silicon by gettering. 

Bulk precipitation of transition metals in the form of the 
metal-silicide is thoroughly investigated for fast diffusing 
metals such as copper arid nickel (see [1 17-1 19] and refer- 
ences therein). Similarly to other transition metals, iron forms 
a number of silicide phases, including cubic s-FeSi; tetrag- 
onal a-FeSi2, orthorhombic p-FeSi2, hexagonal F^Si3; and 
cubic Fe3Si [12, 120]. A phase diagram of ironrsilicides can 
be found in [121]. Note that it is usually much more difficult 
to find iron-silicide precipitates in the bulk of a silicon wafer 
after thermal diffusion and cool down, than to find precipi- 
tates of copper or nickel. This is because the solubility -of iron 
(around 10 !6 cm" 3 at 1 200 °C, or around 3x I 0 j: bra~ 3 it 
800 °C) is much lower than that of Cuor Ni, and thexesuiting 
density of precipitates, if they are formed in the bulk, is low. 
Additionally, low strain fields around the precipitates mataj 
their TEM observation difficult. Furthermore; the . paiiw^ 
iron with boron is an efficient trapping; mechanism, which 
significantly reduces the driving force for the precipitation 
of iron in the bulk. Several groups [47, 1 22^124);succeeded 
in finding rod-like FeSi2 precipitates* up t60:5jjunl<>ng and 
a few tenths of a nanometer thick, in TEM samples prepared :; 
from devices or wafers after thermal indiffusipii of iron: 
discussed in Sect 1.1 above, : these iron-siliciide ; :pre«ipitat^ ; : 
were frequently found at Si/SiQv interfaces; ; However, most : : 
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iron low-angle 
bqutHfeuies, can- easily be observed after thermal, diffusion 
of iron, A significant indrease;in the recombination activity 
of iron-contaminated dislocations^; siUconK>xide precipitates, 
and misfit dislocations in Si/SiGe epitaxial structures has 
be^n reported in [5Q T 54, 13S> 139]. Kittler et al. [50] studied 
gettering of iron by grain boundaries in mc-Si; and demon- 
strated an increase in the recombination activity of a grain 
boundary along -wi th ^distinctive reduction in the iron con- 
centration around the boundary.Portier et al. [140] showed 
that the precipitation :.of iron at grain boundaries m 
bicrystal resulted in the formation of iron silicide precipitates 
of thes-FeSi or-ct-FeSi2 type- However, the formation of dis- 
tinctive iron-silicide precipitates at extended defects is very 
uncommon. \Wth a few exceptions (such as [140]), it was 
found that iron precipitates along dislocation lines very uni- 
formly, and. does npt form any contrast spots in EBIC images, 
common for Cu-contaminated samples [124, 141]. 

Decoration of dislocations and oxidation-induced stack- 
ing faults (OSF) with iron is a well-known cause for pn-r 
junction leakage, breakdown of oxides, and retention time 
(refresh) failures of DRAMs [28,142-144]. Interestingly, 
iron not only decorates the existing stacking faults, but 
also affects their growth. As discussed in the first part of 
our review [1 16], the data on the effect of iron on nucle- 
ation of silicpnroxide precipitates are. contradictory. How- 
ever, everyone agrees that iron enhances the final stage of 
growth of silicon-oxide precipitates, Le., the formation of 
OSFs [1£ 24, 28, 94, 145-147]. Fujinoet aL [94] showed that ' 
the density of QSFs increased by nearly 5 orders of magni- 
tude as the iron surface, contamination level increased from 
3 x 10 11 cm" 2 to 10 13 cm -3 . likewise, Miyazaki et al. [24] 
observed higher OSF densities for iron concentrations above 
5xlO l2 Fe/cmV 

The increase, of the precipitation rate of iron in poly- 
crystalline silicon* proportional to the density of dislocations; 
grain boundaries, and intragranular defects, was observed by 
Bailey et al. [56], and clearly indicated that iron precipitates 
at these defects.: A similar correlation of precipitation rate of 
iron with the density of silicon-oxide precipitates has been 
dpne.by Gilles et al, [148,149], Experimental studies of Aoki 
et al. [150-152] showed that the presence of silicon-oxide 
precipitates does not affect the ^lubility of iron in the bulk, 
but changes the kinetics of its precipitation [152]. Aoki et 
aL {152] perform^ (jtransmission electron mi- 

croscopy combined with energy-dispersive. X-ray analysis) 
measurements ajid.were able ^tpdit^c^y de^t iron ^ silicon- 
Qxide precipitates; Hieslrnair et al. [153] developed aquan- 
titative ^hnique for analysis of ^ iron prtcipimion kinetics; 
: Application pf tliis: technique to !-.<^:'-siUcoA.;yqth.--diff(Brent. 
densityiof aUwn-pxide;precipita^ the efifect- 

iy?;density .of priecipitation sites for iron correlates well with 



the density of siKcQn^xide predpit^es..ffi^lmair et al. { 154] 
concluded from their studies that iron is gettered by the sur- - 
face of : silicon-oxide precipitates rather .than by associated 
dislocation^ In contrast, Sadamitsu et ai; 1155], and Ogushi 
et al. [1561 argued that iron is most probably gettered by the 
bulk of the precipitates. 

Besides precipitation of iron at extended defects in the 
bqlk; : accumulation of iron at the Si/Si02 interfaces or at 
die bare silicon surface has also been observed [8; 12, 133, 
157-162]. \ye>will not discuss in this section the case of a 
mechanically damaged surface, which provides an efficient 
gettering sink. Our discussion will be confined to ideal or 
nearly ideal wafer surfaces or Si/SiCb interface. The precip- 
itation of iron near the growing Si/Si02 interface may be 
stimulated by silicon self-interstitials, injected by die growing 
oxide and consumed by the: iron-silicide precipitates, or by 
local strain fields at the Si/Si02 interface [159, 160]. In most 
cases, outdiffusion of iron to the wafer surface has been ob- 
served only as a decrease of iron concentration in thin (a few 
\xxn) near^surface regions, and could be suppressed in the 
presence of internal gettering sites in the wafer bulk [161], 
Heiser and Mesli [163, 164] observed the outdififtision of neu- 
tral iron in n-Si to the surface during low-temperature an- 
neals (around 130 °C). They measured the iron distribution 
profiles within I0\xm from the surface and obtained a good 
agreement by modeling the surface as an infinite sink. They 
argued that the outdiffusion has never been observed in p- 
Si at these temperatures because of the strong interaction of 
Fe with shallow acceptors, which trap iron in the bulk of 
silicon before it can diffuse to the surface, and because the 
electric field in the Schottky-diodes repels the ionized inter- 
stitial iron from the surface. However, at higher annealing 
temperatures, outdiffusion of iron has also: been observed in 
p-SL Gao et al. [165] measured depth profiles of interstitial 
iron in the near-surface region and reported a decrease in the 
near-surface iron concentration after anneals at 400 °C for 2 
to 30min, which can be interpreted as diffusion of Fe from 
a near-surface layer to the surface. Zoth and Bergholz [48] 
found that the outdiffusion of iron during cooldown of sam- 
ples can lead to inverted U-shaped Fe-concentration profiles. 
Finally, recent studies of Hieslrnair et al. [166], who ob- 
served outdiffusion profiles of iron after anneals at 525 °C, 
confirmed that bare silicon surface is an efficient sink for iron 
inp-Si. 

The thermal stability of precipitated iron was studied 
by Ramappa et al. [167], Colas et al. [168], and Aoki et 
al, [169] in FZ silicon, and by Aoki et al. [169, 170] in CZ 
wafers with silicon-oxide precipitates. All of these studies 
showed that iron is weakly bound at iron-silicide precipi- 
tates, and can be dissolved back into the silicon by annealing 
the samples. Detailed studies of McHugo et al. [171] indi- 
cated that the stability of iron at oxygen precipitates some- 
what depends on carbon content of the sample. It was found 
that iron is more stable , at oxygen precipitates formed in 
silicon with low carbon content.: It was suggested that car- 
bon reduces the strain, which stabilizes the iron at oxygen 
precipitates [171]. 

It is important to note that the relatively low thermal sta- 
bility refers only to iron, precipitated at already existing ex- 
tended defects. As we will show, below, the presence, of iron 
on; the wafer surface during silicon dioxide growth may lead 
to the formation of strong chemical bonds between iron, oxy- 



; geo; and ;sili<:on, with -'tfie^fonxiation;^-^^^^^' or iron 
silicides. A numberof authors have discussed the possibility < 
of fom^g oth^ phases of kon which are thermodynamically . 
more favorable than either a- or fr*FeSi2 [172^174]. Hackl 
et al.[174] presented a table of formation energies for pos- 
sible irori-oxygen-silicoii compounds to show that the highest 
formation energy is for a silicate of Fe2SiC>4 followed by 
FesOv; while FeSi2 has a lower energy of formation by a fac- 
tor of 18. 

Probably the first experimental observation of the. effect of 
strong binding of iron in the surface silicon-dioxide was made 
in the studies of the solubility of iron in silicon [89,98, 161, 
175]. It was found that if there is no oxide on the surface, and 
the annealing ambient does not contain traces of oxygen to 
form such an oxide during the anneal, then all iron deposited 
on the surface easily diffuses into the balk. If the wafer sur- 
face is covered by silicon dioxide, and particularly if trace 
concentrations of oxygen or residual water vapors [176] are 
present in the annealing ambient, iron becomes bound to the 
surface oxide instead of diffusing into the bulk [94]. Roton- 
daro et al. [177] reported that in dry O2, only about 50% of the 
surface Fe contamination is found in the bulk after diffusion, 
while the use of N2 results in a diffusion of 70% to 100% of 
the contamination into the bulk. Recent Auger electron spec- 
troscopy (AES) and X-ray photoelectron spectroscopy (XPS) 
studies by Swart et al. (178] confirmed that iron in the oxide 
indeed forms chemical bonds to silicon and oxygen. 

Note that the equilibrium bulk iron concentration after 
a diffusion in oxidizing ambient may be affected not only 
by the fraction of iron bound at the surface, but also by the 
fact that a new boundary phase is formed other than iron sili- 
cide FeSi2- A phase with a larger formation energy results 
in a lower equilibrium solubility of iron in silicon. Colas et 
al. [168] studied the solution of iron in the presence of oxy- 
gen clusters of different morphology and speculated that they 
might have observed in some experiments formation of an 
oxygen-iron compound which is more stable that the FeSii 
silicide; However, the possibility of formation of iron oxides 
or silicates in the silicon lattice was not fully explored un- 
til highly-sensitive synchrotron-radiation-based X-ray tech- 
niques, which can unambiguously distinguish different types 
of bonding, became available. Kitano [179] diffused iron into 
boron-doped CZ silicon wafers through a 20-nm SiC>2 film 
at 750 °C and 900 °C, removed oxide by HF chemical etch- 
ing, and studied the state of iron at the silicon surface (for- 
mer Si/SiCh interface) by using the angular-dependent total 
X-ray fluorescence and X-ray absorption fine structure tech- 
niques. It was found [179] that a significant amount of iron 
was concentrated at the Si02/Si interface and that chem- 
ical bonds of the type Fe-0> Fe-^Si, and Fe-Fe were formed. 
The valence of iron was a mixture of Fe 3 "*" and Fe 2+ , but 
mostly Fe 3+ . From these observations, Kitano [179] inferred 
that the layer formed by iron at the Si02/Si interface is 
iron silicate, in which a portion of Fe 3 * ions are reduced to 
Fe 2 *, similarly to the natural iron silicate Fe^Fe^tSiCU], 
known as laihunite. Clearly, similar behavior of iron may 
also be expected if iron and oxygen co-precipitate in the 
bulk of the wafer. This was confirmed by recent studies of 
McHugo [180,181], who studied iron precipitates, located . 
by X-ray fluorescence (XRF) microprobe in the bulk of mc- 
Si, with X-ray absorption spectroscopy^ Although unambigu- 
ous identification of the phase of iron was not achieved, 
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matioii of vthe iron oxide imbedded into tb£ chemical; oxide- 
on the wafer surface was suggested by Takizawa et al. [1 82]l 
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Al^ntaminated wafers: leadis to the incorporation of; these ; 
metals into a growing oxide in the form of i^eOSi)" neg^ye : ; 
ions,; which are oxidized, during the oxide- gr^wto; into neu- : ; ; 
tral metal oxides. In agreement with the observations of [59, 
94, 187-189], they found that metals were located primary ;• • 
ily at the oxide surface, furthest from the Si/SiO? interface. ' 
A similar observation was madeby Tardif et ^ aL:"[190t, i91]if 
Hocket et al: [192], and Zhong : et al T [193], T^yama et ; 
al. [19] investigated a possibility of chemical reactions : 6f : ; 
iron with SiG2 by mixing powders of iron-oxide^yith silicon- 
dioxide, sintering them in a nitrogen ambient, and analyzing 
them by X-ray diffraction. They observed formation of iron- 
silicates, tentatively Fe2Si(>4» after sintering at teniperatures 
of 900 °C and above: 

Some other models were discussed to explain the accumu- 
lation of iron in silicon dioxide. Shimizuet al.-[183, l &4] sug- 
gested that accumulation of iron in the growing silicon dioxr 
ide can be explained by slower diffusion of interstitial iron in 
SiC>2 than oxygen (which would mean that the oxide grows 
faster than iron can diffuse through it). However, *he differ- 
ence in diffusion coefficients is not so great to explain the ag- 
gregation of iron in the silicon dioxide,: and also does not ex- 
plain why iron does not diffuse into the bulk of silicon during 
post-oxidation anneals. The diffusion ^ coefficient of oxygen in . 
SiCb glasses at 1000°Cisfrom3 x 10~ ,4 to3 x 10T l fcm?/s 
and about 10" l * cm 2 /s in quartz [194], whereas thediffusiv^ 
ity of iron in silicon dioxide is about 10"" 14 to .10"- cnr/s 
at 1000 °C [157,195,196]. The diffusion coefficient in the 
range of 10" - 4 cm" 3 implies that iron would diffuse through 
a 10-nm oxide within several minutes at 1000 9 C, •i.e., a thin 
silicon dioxide layer will not keep iron from diffusion into 
the bulk unless the anneals are very short or the oxide layer 
is very thick. Hence, iron has to ■ form a stable chemical 
bond to silicon be effectively bound in SiO^ even at high 
temperatures. 

I One could argue that another possible explanation of ag- 
glomeration of iron in Si02 would be that amorphous sili- 
con dioxide has a higher equilibrium solubihty of interstitial 
iron than silicon and would serve as a segregation lettering 
layer (see Sect:6 for details/of segregation; gettering mech- 
anism) for iron dissolved in; the "■■bulk of the;; wafer. In this 
case* iron would segregate frpm: the bulk in^;the:dxide layer. . : 
However, experimental data :do not iuprx>rt : tru$<h^ 
Yoshimi et al. [ 1 61] conducted a series of 6xidjkti6ns;of iron- .-. 
contaminated wafers with intermediate removal of the grown 
oxide layer. They dad not observe any increase in the minor- 
ity carrier lifetime after this procedure, and concluded that : r 
there is no significant gettering of iron by ^ ^iUcdni : dioxide; : : ^ 
Similarly, Smith et al. 1197] observed by using 
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formation pf iron oxides and iron silicates appears.to be new 
promising area of research. We belie ve that the understanding 
of the interaction of iron with oxygen will give an important 
insighiihto the ^physic^ pif the effect: of iron on MOS devices 
and internal gettering and eventually may .even explain the na- 
ture of gettering-i^istant intragi^uiar recombination centers 
in solar cells [198-200]. The difficulty with the analysis of 
these. defect reactions is that they apparently occur primar- 
ily^ during growth of silicon dioxide, when both oxygen and 
iron are mobile and can form chemical bonds. Precipitation of 
iron ait pre-existing extended defects does not seem to result in 
formation of thermally stable compounds. 



4 Iron detection techniques: present state and future 
■ trends 

Any analysis of iron contamination of silicon seeks answers 
to three questions: (i) how much iron is present in the sam- 
ple?, (ii) where is it located?, and (iii) what is its chemical 
state? The first question can be translated to the integral sen- 
sitivity of the method, die second one to its spatial resolution, 
and the last one to its "chemical resolution'-. It is clear that 
the total iron concentration in the sample, although a valu- 
able piece of information, is of limited use for prediction of its 
detrimental effect. Indeed, if iron is located at gettering sites 
away from the devices, it will be of no harm to the device 
performance, whereas the same concentration of iron at the 
devices may kill die chip, Furthermore, the chemical state of 
iron determines its electrical activity and the feasibility of get- 
tering it, or its stability if the iron is already at a gettering site. 
Hence, it is important to know exactly where the iron is,and 
what complexes or compounds it forms. 

Fabrication of today's advanced integrated circuits in- 
volves some very complex technology./With shrinking de- 
vice dimensions and thickness of insulating layers, it has be- 
come imperative to reduce metal contamination to the level 
of lO^cmr 2 or less. The .detection limit of analytical tools 
should be at least ah order of magnitude below the required 
threshold contamination levels and at least 100 times less 
if these measurements are used for statistical process conr 
tn>I(2}. i\lthough iron can be accessed by nearly all measure- 
ment tirctiri^ iasilicon,\only 
4 few of thesei techniques can reach ihe dete^on limit re- 
quiredfor the purposes of contamination control on a produc- 
tion line. Since this review is focused on iron-related prob- 
lems encountered in; today 'sisilicon technology, we intention- 
ally confined pur -discussion to the experimental techniques 
that iron in the ppt range;and 
^tow; ^e^ techniques are tech- 
nique^; deep-level transient s total reflection X- 



ray fluorescence, ^ atonjiCiabsorptioaspectroscopy, mass spec- 
trometry, and, neutron activation -analysis. At the end of .the 
section*, we will discuss prospective analytical tools,, which 
may=find application in contamination control in .the ftiture. 



4.1 Minority carrier lifetime techniques 

4J J Principles of lifetime, measurement techniques. The 
dominant recombination mechanism in the bulk of non- 
degenerate extrinsic silicon at room temperature is multi- 
phpnop. rrcqmbinatiqn through defect levels in the energy 
jgap*(see, for example, [201-206]), described by the model, 
developed independently by Hall [207] and Shockley and 
Read [37]. According to the Schokley-Read-Hall model, if 
excess electron^hole pairs are introduced into a semicon- 
ductor, they will recombine with a characteristic lifetime 
r. During the. time r, they will diffuse a characteristic dis- 
tance, Ldiff f= v^r* known as the minority carrier diffusion 
length. The diffusion length measurement is more commonly 
specified for photovpltaics, whereas lifetime is primarily 
used in integrated circuit engineering. Hie proportionality 
coefficient, Z>, is the minority carrier diffusion coefficient 
(33.5 cmVs for electrons and 12,4 cm 2 /s for holes at room 
temperature, according to the ASTM standard ASTM F1535- 
94). The recombination activity of each defect depends on 
a number of factors, such as the position of its level in the 
band gap, its capture cross-sections for electrons and holes, 
the conductivity type and the doping level of the wafer, the 
density of injected excess carriers, and the temperature. Since 
most impurities provide recombination channels for minority 
carriers, lifetime is an important characteristic of the purity 
of silicon. The sensitivity of lifetime measurements is limited 
only by the intrinsic band-to-band recombination lifetime, 
about 0,5 s for 10 Q cm p-type silicon, which would corres- 
pond to the concentration of interstitial iron on the order of 
10 7 cm" 3 [208]. Although more than ten different lifetime 
measurement techniques are known (see, for example, [206, 
289]), we will discuss only the three: most commonly used 
tools: surface photovoltage (SPV), microwave photoconduc- 
tance decay (ii-PCD), and the electrolytic metal analysis tool 
(ELYMATj. SPV and ELYMAT measure the minority car- 
rier diffusion length, whereas JJ.-PCD determines the minority 
carrier lifetime. 

The SPV technique is based on the spectral dependence 
of surface photovoltage, and is presently used in the constant- 
flux modification of Lagowski [210]. A band diagram which 
illustrates the principle of the surface photovoltage effect 
is. presented in Fig. 2, The surface of the wafer is illumi- 
nated with chopped monochromatic infrared light with en- 
ergy slightly greater than the silicon band gap. A change of 
the near-surface band bending under the influence of illumi- 
nation is the surface photovoltage, A V, which is capacitively 
captured from the Si surface by a transparent electrode that is 
brought close tp the >vafer surface [21, 210]. Assuming that 
the light intensity is so low that the surface charge density . 
is not changed by die incident light, the relationship between 
optical; absorption coefficient, a, minority carrier diffusion 
length,,.!, and. surface photovoltage, AV, is [21, 21.0]: : 
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Fig. 2. The energy band diagram near a prtype semiconductor surface in the 
dark and under illumination. IUumination causes accumulation of minority 
charge carriers in the depletion layer and changes the surface potential by 
AV, the surface phoiovoltage. This change is measured by SPY systems 



where 4> is the photon flux absorbed at the silicon surface, 
which is kept constant at all wavelengths, s is the surface 
recombination velocity of the sample, and A is an equip- 
ment constant According to (2), the diffusion length can be 
determined from the linear plot of 4>/A V versus 1/or by ex- 
trapolating the linear fit to 4>/A V = 0, which corresponds to 
L = -a" 1 . 

SPV is a rapidly evolving analytical tool. Recent advances 
reported in the literature include an increase in sensitivity by 
using a higher incident light intensity [211]; the use of a rig- 
orous theoretical treatment of the small signal steady-state 
surface photovoltage [212], which overcomes the require- 
ment that the diffusion length be shorter than a third of the 
wafer thickness [213,214]; the use of a redesigned pick-up 
electrode to minimize the errors caused by three-dimensional 
diffusion of excess carriers [215]; an increase in the measure- 
ment speed up to about 1000 points per minute [21 1]; and the 
development of a procedure to measure oxidized wafers with- 
out removal of the oxide film [216,217]. Additionally, optical 
dissociation of FeB pairs [218] and corona charging to en- 
hance the SPY signal [215,219] have been implemented in 
commercial SPV equipment 

The microwave photoconductance decay technique 
(it-PCD) [220] is based on the fact that the absorption con- 
stant for microwave radiation propagating through a semi- 
conductor and the reflectivity of the radiation from the wafer 
surface are determined by the density of charge carriers in the 
wafer. Modern jx-PCD systems determine the minority carrier 
lifetime by measuring the time dependence of the microwave 
reflection from the wafer surface after a short laser pulse. The 
time constant of the decay of the reflected microwave power 
to steady-state conditions is determined by bulk recombina- 
tion lifetime and surface recombination velocity, and enables 
one to extract the minority carrier lifetime. , 

ELYMAT [221] determines minority carrier diffusion 
lengths from photociiixent generated in a collecting junction 
formedby a $ilicon-electrolyte. (1% HF) contact illuminated 
with a laser beam. Figure 3 shows a simplified cross-section 
of the electrqlytical double cell, used in ELYMAT measure- 
ments [83,268,22^ 

electrolyte on bqth sides. Since the ^ HFTelecrxQlyt^sUicon 
junction behaves similarly to Schottky contacts [223], then 
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Kg. 3. Schematic diagram of the ELYMAT electrolytic dotible cell 
(after [83,221,222]) : 



a biased illuminated junction can be used essentially as a solar 
cell. One surface of the wafer is illuminated with a strongly 
absorbed scanning laser beam, focused to a spot of about 
1 mm 2 . Ghanging the position of ;theincident laser beam on 
the surface of the wafer, one can generate a high-resolution 
map of minority carrier diffusion lengths. Depending on the 
applied bias, the collecting junction may be on the unillumi- 
nated (back) or illuminated (front) surface. The rittio of the 
backside photocurrent (BPC) and the frontside iphotocurrent 
(FPC) gives the diffusion length as [224,225], , 



^bpc//fpc = 1/ cosh((J — w)/Ly, 



(3) 



where d is the wafer thickness, and w is the thickness of the 
space-charge region at the biased HF-Si contact. ELYMAT 
attracted attention in the early 1990s due to its c^>ability 
of fast high-resolution mapping [223, 226, 227], but has later 
lost its appeal due to the development of the SPV and *irPCD 
techniques, which do not involve toxic HF and are better 
suited for in-line process control [S3], v 



4.1.2 Identification of the recombination centers. lifetime 
techniques, with their non-destructive nature, high sensitivity, 
and mapping capability would be ideal techniques for con- 
tamination control if in addition to an overall evaluation of 
the contamination level of a wafer, they also could establish 
the nature of the impurity that affectsthe lifetime: Unfortu4 
nately, as we will show below, only interstitial iron and, in 
some cases, interstitial chromium, can be reliably identified 
using lifetime techniques. This is : because of the* complexity : 
of interrelation of the lifetime and diffusion length measure- 
ments. The first problem is that the measured minority carrier 
lifetime, r m , is determined by contributions: from all defect 
centers plus a contribution from re^mbination,^ 
'carriers at the surface: * : 1 ' : - : '. ?:* :: . : .:••-.<' : ■ 



(=1 



:the bulk : 
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: law swfz<&:Tb(& surface; 
treatment In fact, lifetirae m&§^ very am- 

biguous, difficult to interpret until 
refia^le procedures for stdf^ 

Surface recombination is frequently characterized by a sur- 
face recombination velocity, s (see, for example, [206] for 
details). Although the relationship between s and t£ for 
a general case is given implicdtfy by a transcendental equa- 
tion, the foUowng approximate "expression is ; frequently 
used [233]: 
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where d is the wafer thickness, and D is the minority carrier 
diffusion coefficient 

T^ical v^ii^^f surface recombination velocity are up to 
10 7 cm/s for iabraded flapped) surfaces [234], 10 3 to 10 5 cm/s 
for mechanically polished . [203, 233, 235 , 236] or chemically 
etched £228, 237]; surfaces covered by native oxide, 1 to 
lOOcm/s for thermally oxidized Si surf^s [229, 230, 236-- 
242] t :about 20 cm/s and 4 cm/s after immersion of the sam- 
ple in bromine in methanol and iodine in methanol, respec- 
tively [236, 239,242], and 1 to 0.25 cm/s after immersion 
in HF [239,240], Hie surface: recombination velocity was 
shown to be also affected by theiemoval of hydrocarbon con- 
tamination (for example, by etching in a mixture of sulfuric 
acid and hydrogen peroxide) before HF etching [243], the du- 
ration of the HF etch [244], the oxidation temperature and the 
type , of postn>xidatiori heat treatment [243], the annealing of 
the oxidized wafers [242], the application of corona charge to 
oxidized wafers [245], and the illumination of the wafers witr^ 
, ultraviolet light [246r-249]. . 

: After the surface recombination is accounted for, and the 
bulk minority carrier lifetime is measured, one needs to iden- 
tify the recombination centers and to determine their con- 
centration. Essentially, there are five experimental approaches 
used to determine the nature of recombination centers in life- 
time measurements: (i) the analysis of the dependence of 
lifetime on injectionleyel {1 13,208, 250-261], (ii) the analy- 
sis of the dependence of lifetime on temperature [234,262- 
264], (iii) the comparison of the lifetime in samples, which 
have the same: type of contamination, but different types of 
conductivity [265, 266] or different doping levels [267], (iv) 
the comparison of the bulk lifetime with surface recombi- 
nation lifetime or ELYMAT dark current after application 
of a standard procedure '-of surface passivation (this proced- 
ure is expected to be effective for:dete*ak>n of haze-forming 
metals such as Ni or Cu since they tend; to diffuse to the sur- 
face; i>^ch:^ecti5 primarily the surface recombination vel- 
ocity m i lllv i 12, 193,210,268-272]), and; finally (v) the 
analysis of a change in lifetime (or diffusion length) as the rer 
suit of a defect reaction, stimulated by heat br light (such as 
IFeB dissociation) [48];/ 

A dependence of lifetime on injection leyelcan be meas- 
ured only with ^YMAT or ^-PGD techniques since their 



injection level cari easily be yaried from : :tj:= Anjp^ 1Q~ 3 
* to 10 in; 10 Q pm p-type sili^ri ^ 
electrons; and ;/>o is the equilibrium hole, densify) by vary- 
: ing the laser power, or..by fusing neutral density; filters; [208, 
;= 273,274)- SPV is poorly suited for analysis of injection 
level dependence since it requires linear dependence between 
the surface photbvoltage and : the incident flux, which can 
be achieved only for very low injection levels of t] < lO"*"- 5 
to lO" 7 . • • . y . . ; 

A dependence of lifetime pp. injection leyel for Fe/ and 
FeB pairs is shown in Fig 4. The recombination activity of 
FeB pairs depends very weakly on the injection level. On 
the contrary, the recombination activity of interstitial iron 
changes by more than a factor of 40 over a change of the in- 
jection level by 4 orders of magnitude. For injection levels 
higher and lower than those shown in Fig. 4, the Fe,-limited 
lifetime tends to saturate and becomes almost independent of 
the injection level/ 

The fact that the lifetime limited by FeB pairs is almost 
independent of injection level is frequently used in ELYMAT 
and ji-PCDS techniques to identify FeB pairs. It was shown 
that the. lifetime limited by FeB pairs is inversely proportional 
to the concentration of FeB pairs [253, 275, 276]: 



t <Ms) = A:/^FeB (cm 3 ) , 



(6) 



where k is the proportionality coefficient, which lies, accordr- 
ing to different literature sources, between 1 x 10 13 [253], 
1.04 x 10$ [252], 2 x 10 13 [275], 2.5 x 10 13 [187], and 
2.9 x I0 13 -- [276]. Our own fit, based on the data points 
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Fig. 4. The iujectioD-level dependence of the lifetime in iron-contaminated 
samples before and after dissociation of FeB pairs. To plot data from f77. 
258,298] with different Fe contamination levels in a single graph, data 
points were normalized in such : a way mat all plots go through the ori- 
gin. A strong dependence of the irbn4united lifetime on injection level is 
clearly seen. Resistivity of the samples was 50 Q cm [77J, 20 Q cm 1298], 
and 8-15 pern [258]. The actual injection level at this cross-section point 
was equal to &n/po ^ Tin [77], Sn/po 0.5 in [298], and Sn/po «0.1 
in:|258] 
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simulations according to (6) and (8), assuming r s == 1 ms 



from [24,48,72, 177,277,278] and presented in Fig ? 5, re- 
sulted in the value of k = 1.5 x 10 13 iis/cm* This value 
corresponds to the effective electron capture cross-section 
of FeB pairs of <xf* «4x 10" 15 cm 2 , in agreement with the 
value reported in [225,276,279-281] and tentatively identi- 
fied as the electron capture cross-section of the acceptor state 
of FeB pairs. 

The main technique to determine the iron concentration 
by SPY is the analysis of the change of lifetime as the re- 
sult of the dissociation of FeB pairs. It is now well established 
that for low injection levels, Fe,- is about 10 times more ef- 
ficient a recombination center than FeB [48,218] (see also 
Figs. 4, 5). Hence, the difference between the lifetimes de- 
termined by recombination via Fe,- and FeB pairs can be 
used to determine the interstitial iron concentration [48]. The 
minority carrier diffusion length measured by SPV before 
(Lo) and after (Li) dissociation of the FeB pairs is quantita^ 
tively related to the concentration of interstitial iron, as 
follows [48]: 



JV Fe = 1.06xl0^x(Lf 2 -Lo :i ) (cm''). 



r-2\ 



(7) 



where Lo and L\ are measured in |im. It is important to 
remember that (7) is valid only for low injection levels 
as used in the SPV technique. Furthermore, the coefficient 
1.06 x 10 16 in (7) is valid for silicon wafers with resistiv- 
ity of 5 to lO Qcm silicon and may vary within the range 
of about ±30% depending on the Fermi energy level, Le;, 
on the resistivity of the wafers [282]. Using for the diffu- 
sion coefficient Z> n = 33.5 cm 2 /s for electrons in high-purity 
10 Q cm p-type silicon, the same equation in terms of life- 
times is : 

(8) 




where/i 

in the=]ojaife>of Tcm^fc I 
.by?stu<ties;o£nuixieK)^ 
arevahdin* widerarig^ 
demoasoatedaii^ 

concentiati(m;can-\also^tenuse4^: wiifaiiame ^^ 

injection level) in ELYMATiand ifx-PCD smdi^>';liijtUhmi^^ : 

aL [72] repoited;that; an equation simUai^to :(7): holds^ ? a^ ^ : 

in aluminum-doped silicon, although with a Idifferentiocfeffii : 

cient siiK^ the differed 

pairs and Fe/i is about two times: less' tb^ 

andFe,-. '.. \ . . 

FeB pairs can be reverb . 
mal anneal of the samples at 200 for flOmin^foUow^ ' 
by a quench, .or by 15 ta 90 s ;ilhut^^ halo- 
gen lamp:: lie important assumption which ;(7) (8) :aje ^ '//.:\ 
based on is that Fe 2 is the; only defecr^ 
defect reaction at 200 °C or under iHmriinatipn; Unforfti^ : 
hately, it is now firmly established that several other de* 
feet reactions: may also take place during ( heating or; il- 
luminating of wafers. The examples of other ; defect; re-^ : 
actions that can be triggered by a treatment; simil^ to : 
that used for dissociation of FeB. .pairs, are i dissociation 
of CrB pairs [283], dissociation of copper-related com^ 
plexes [284], and fonnation/dissociation o^^ 
complexes [285-288], Consequently, one: h2LS to takejpre-; 
cautions to unambiguously distinguish the effect of iron 
contamination from that of other impurity wmplexes. ll5e 
simplest test is to compare the absolute values of dif^ 
fusion lengths before and after, thermal/optical activation 
with tie expected diffusion length for the calculated con- 
centration of : iron. If this test indicates that the diffiision 
length is much lower than expected for the: iron contam- 
ination level, calculated from the difference in the diffu- 
sion lengths before and after dissociation of FeB pairs, 
one should be cautious with interpretation of the results: 
A useful (although time-consuming) method to distinguish 
iron from other impurities from ^ diffusion len^ measure^ 
ments is to follow the kinetics of formation of FeB pairs 
after dissociation [2, 11 1]. Since the time constant of asso- 
ciation of metal-acceptor pairs is described by Hams law, . 
^pairing (see [289,290]), is inversely fwroportional 

to the interstitial diffusivity of the metals, D v this time cori- 
stant is a gpod means for identification trfi the diffusing 
metal. For example, the recoyeryreaction of CrB pairs [283] 
is about an order of magnitude slower than that of Fe& . 
pairs [2], and the change of diffusion length measured allow 
injection level has different sign (increases for; Fe and 
creases for Cr, as: the pairs are formed); Finally r the recently 
reported decrease in minority carrier lifetime : in copperr^ ■/. 
contaminated wafers under the influence of ; light or ; heat, : ; 
which was explained as dissociation of copper-related de-^ 
feets was found to be ah irreversible reaction , [284]. The ' 
formation of; BrO complexes* stimulated^byvUg^ be ; 
reversed, only by annealing the ; samples at elevated itm? •...-.*. 
perature [285, 287, 288]- FeB ahd GrB pairs can be distiri^ -v 
guished by comparing photo^ and thermal dissociation;: of : 
pairs; FeB pairs can be decomposed by hghratroom temr . 
perature, whereas an anneal at 200 SC would dissociate b6th J 
FeBl and GrB pairs; This is: because GrBipa^^^ 
be decomposed by light only if the terapdratuiie: e^ 
60°G [2,258}: -v : ': ; ; ■. : :; V;- ■ : •• J*V ^ -i^- : - - 



?.j$ti9e^^ in^ur^entteclir 
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siliPWrh^ decade 
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conditions [218,219]. : 
^Surface contamination levels can be measured only after 
diffusion of surface containinants into the bulk [64]! Zoth and 
J^hol2r:[48] u^>i^A ann^ at 1200 °C and found that 
aboat:$Q%i&f£ surface, ends up in the bulk; the 

r^tpr^n^bly evaporates or /remains in the near-surface sihV 
ddes./Assuming that 2 x 10 9 cm -3 is the sensitivity routinely 
achievable by SPV, then, using a clean RTAheat treatment to 
driverin iron, one can expect the surface sensitivity of SPV to 
be of 8 x 10 7 cm"; 2 [2]. 

The- sensitivity of ^pqD and ELYMAT to iron is some- 
what difficult to evaluate accurately since the dissociation 
of FeB pairs, which is the best technique to distinguish 
iron from other recombination centers, can only be used 
with these technique if the injection level is kept much 
lower than is used in normal operating conditions. This 
results in poor signal-to-noise ratios and poor sensitiv- 
ity. To improve the sensitivity of ji-PCD at low injection 
levels, Romanowski et al. [291,292] suggested frequency- 
resolved ix-PGD, in which short pulses of light are substi- 
tuted by sinusoidaUy-modulated light Gaubas et al. [293] 
claimed that the use of \i-PCD technique in the transmis- 
sion mode, enables one to improve the sensitivity of the 
instrument 

TTie measurement of FeB concentrations at 5 or 9 points 
qn a; w^fer using optical excitation can be done in about 
1 min. A high-resolution map (about 6000 points) of the « 
iron distribution throughout the wafer takes, using the mod- 
em SPV equipment, about 13-14 min [211,219]. Recently 
developed non-steady-state, algorithms (see [282]) should 
lead to even higher data acquisition rates and an increased 
accuracy of the long diffusion length measurements. The 
mapping capabilities of p.-PCD and ELYMAT are compa- 
rable to those of SPV. Mapping of silicon wafers can be 
extremely helpful in tracking down the sources of con- 
tamination by revealing the geometry of the contamination 
patterns [99,294], Such images can often result in a clear 
and instantaneous picture of the mechanism of how : the 
contamination was introduced.. For instance, the "butter- 
;fly'* patteni with two high-lifetime zones surrounded by 
lower lifetime values is diagnostic for contamination from 
spray cleaning itools [275], whereas dot-like; patterns usu- 
ally point to suppcatingipins as the source of . contamination, 
furthermore, crystal, defects other than metal contamina- 
tion; snclr as o^ be readily 
ktentified an<j distinguished by their characteristic lateral 
configuration; ; . 
. : -/ : SPV; is; applicable only to wrfere witii resistivity, gre^ 
; f}^ heavily doped serruv 
co^ is determined primarily, by the Auger recombir 
•nation,; not related : to the defects [21]. Although S£V can 



: be app^ ; to 0>dth jt.Si -and p-Si, " qiiantititive determin- 
ation of ;I% : ;c!Qnbeiiix^pn^'y]^ the dissociation of FeB pairs 
is ql^ Furthermore, since neu- 

tral internal v A. .a .poor recombiniaticm center since 
an(Fe f t) »^0^(s^;E116JX trace concentra- 

tions of iron in n~Si by lifetime methods is feasible only with 
pwr^nsativi^ 

::; The fact that FeB dominates recombination in most sil- 
icon wafers and is weakly dependent on the injection level 
is j the underlying reason why* in general, such surprisingly 
good correlation is found between such disparate (from an 
injection level perspective) measurement techniques as SPV 
(very low injection), ELYMAT (medium injection level), and 
M^PCD (usually high injection level) -[77]. /A good correla- 
tion was reported by numerous groups who compared differ- 
ent lifetime measurement techniques, such as SPV and ELY- 
MAT [225,256,261,268,275,296], SPV and jt-PCD [177, 
275, 277, 296,297], or ELYMAT and ji-PCD [77,256,277, 
298]. Although some discrepancies (usually within ±30%) 
were observed, they were not reproducible from group to 
group and could be explained [297] as the influence of dif- 
ferent surface preparation, affecting each of the techniques to 
a different degree. Although these techniques are compara- 
ble in their capability of measuring and mapping the lifetime 
of minority carrier in silicon wafers, SPV is the most suit- 
able technique for determination of iron contamination levels 
since it inherently uses low excitation levels, -which enables 
one to use the algorithm given by (7). However, the con- 
centration of iron can be determined reliably only as long 
as iron is homogeneously distributed throughout the wafer 
thickness, and as long as it does not form any complexes 
other than FeB pairs. If iron has precipitated, lifetime tech- 
niques will not be able to identify it or to determine its 
concentration. 

A very important potential application of lifetime meas- 
urement methods is the characterization of epi-wafers. Sev- 
eral groups attempted to develop experimental procedures to 
measure lifetimes in p/p + epi-wafers {299-304]. The prob- 
lems to be solved are how to confine injection and recombi- 
nation of the minority charge carriers to the epitaxial layer 
only, and how to avoid effects from recombination at the 
surface or in the substrate. Lowell et al [302] suggested to 
conduct SPV analysis of epi-wafers by using a set of fil- 
ters with very, shallow (several \xm) light penetration depth. 
A similar idea was utilized by Pavelka et al. [303], who used 
short wavelength laser excitation to generate minority car- 
riers primarily in the epi-layer. Using efficient surface pas- 
sivation techniques (such as corona charge or the oxide or 
iodine passivation), Pavelka et al. [303] were able ^char- 
acterize epi-layers by |i-PCD technique. A combination of 
low-penetration depth light, corona charge surface passiva- 
tion, and frequencyrresolved SPV technique has been re- 
cently introduced in a commercial instrument called "Epi-x" . 
by Semiconductor Diagnostics, Inc. This technique was re- 
cently evaluated by ?uczkowski et al. [304], who reported 
that, the minority carrier lifetime measured by the Epi-x tech- 
nique is not nepessarily equal to the lifetime in the epi-layer 
since it can be affected to a certain extent by the substrate, 
properties, surface barrier height, and surface recombination 
velocity. TTiey pointed out ftat these/effects : .are not prop-:, ; 
criy taken into account in the. presently available theoretical 
model. Nevertheless, they found that die instrument can de- - 



.Uyer.:valu^]e da^ on lifetime useful in epi or denuded zone 
process monitoring [304]. > :: 

4.2 Deep-level transient spectroscopy (DLTS) : 

DLTS was intr^ucedin 1974;by Lang'[305, 306] and quickly 
became a major laboratory tecfehlqye for the dest^tion of im- 
purities in silicon and the investigation of defect reactions. 
DLTS proved to be a sensitive, relatively inexpensive, an<j 
very versatile research tool, which can identify and meas- 
ure the concentrations of a wide range of impurities. DLTS 
detects deep level traps in a thin (about 0.5 to 3p.m) near- 
surface depletion layer formed by a reverse biased Schottky- 
diode or a p-n junction. The principles of the DLTS tech- 
nique: are illustrated in Fig. 6.= The width of the depletion 
region is a function; of the applied reverse bias and of the 
total concentration of ionized impurities (including shallow 
acceptors/donors and deep level defects). As the applied bias 
voltage is rapidly increased, the majority charge carriers will 
swiftly (typically, within less than 10~ 10 s) drift put of the de- 
pletion region, leaving the ionized shallow donors/acceptors 
behind. The charge carriers trapped by the impurities will 
also eventually leave the depletion region after they are ther- 
mally emitted to the conduction (in n-Si) or valence (in p-Si) 
band. This process, however, is much slower than the drift 
of free charge carriers, and can be observed by monitoring 
changes in the capacitance of the diode. As shown in [307- 
309], the capacitance changes are exponential with the time 
constant r a l/(aT 2 exp(—AE/kBT)) 9 where a is the cap- 
ture cross-section of the trap, A E is the enthalpy of emission 
of a charge carrier from the trap, T is the temperature, and 
*b is the Boltzmann constant. The amplitude of the capaci- 
tance transient, AC, is proportional to the density of traps, 
N t9 and inversely proportional to the doping level, as 
2AC/C = Nt/Na. The sensitivity of DLTS is usually in the 
range of N t /N d (10~ 5 to 10~ 6 ). Hence, the absolute sen- 
sitivity of DLTS measurements is determined as a fraction of 
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Fig. 6. A diagram illustrating the principle of DLTS. A reverse bias, applied 
to a Schoitky diode (a) is decreased to a low value for the duration of a fitlr 
ing pulse (typically for. less than I ras) (b\ and then restored, to its original 
value (c) Deep traps filled during the filling pulse emit the captured, major- 
ity charge carriers with a time constant, determined by the temperature and 
parameters of the traps. The process of emission is observed by monitoring 
changes in capacitance of the diode. Parameters of the trap can be extracted 
from the temperature variation of the time constant of capacitance decay 
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As discussed in our first review 1 :tn : 6] r .ih^sd^JrQii- 
forms an energy level at £ v +Q;38 eV (a p = 3; 9 x I6z 16 >< = 
exp(^0.045eV/A' B r) cm 2 vO- n ^ 4 x : ^ 
stitial iron is not stable in the ; silicon lattice cjue *c£its very 
low equilibrium solubility at room temr^rc 
with shaUow acceptor su^ 

at £ v +0. l eV, a p = 4x 10^ cm? to 1,5 x;10H^m-v^)? : 
4 x 10" 13 cm 2 . Both, the levels of Fe,- and FeB pairs,: are eas- • 
ily accessible by DLTS. The detection limit of pe/ or FeB 
pairs in silicon wafers with -resistivity of 10 Q cm! (A/a " : 
10 15 cm~ 3 ) is about 10 9 to 10 10 cm" 3 . One DLTS measure- ; 
ment (including ;chemical cleaning of sample surf^e^ evafjir 
oration of Schottky^diodes, and ^ 
scan) can be accomplished within 3 to 4 h. 

Despite all the advantages mentioned above, DLTS has 
several limitations; It detects only ^ those : defects that have 
deep levels in the band gap, If : an impyrity has partly precipi- 
tated, only the concentration of its electricaUy ^tiye fractipn 
can be detennined. DLTS is a destructive t^hnique and re- 
quires fabrication of a Schottky diode on the sample. .Since 
DLTS probes defects only a few |tm imder a &chottSiy diode 
of 0.5 to 5 mm in diameter, one measurement represents deep 
levels in only 0.00005% of the volume of a 4' / : ; \yafer; A rnap^ 
ping capability of the DLTS technique is -severely; limited 
since each measurement takes several hours. ; Thus, 4 ; single 
DLTS measurement may not be representative of the total 
contamination level of the. wafer, if the impurity is nonum- 
formiy distributed. In the latter case, there is a sutetantial 
possibility of overlooking; even a high cpnt^r^nation Jevel 
by using DLTS measurements alone. Therefoi^^ irj^ssible, 
wafers should he first scanned by SPV, ELYM AT, or ji-PGD 
to check for possible inhomogeniii^ m^ 
DLTS cannot be applied to analysis of heavily dop^isut*- 
strates because one cannot prepare gootd Schottky ;diodes= on ; 
p + or n + silicon: . ■ v ■: : ,.:,'■■\ : ,^^\:_:.^.■ j. -y : 

Although the energy lever and the capture cross-section ' '/ ' 
of a deep level are, in principle, sufficient for ifJentification 
of the impurity, uncertainties, up to 5% in energy determin^ 
ation and up to 2 orders of magnitude in capture cross-section 
are not uncommon for DLTS (see [310]) and frequently make 
identificationiof traps ambiguous. For .insmn^: it is ^sualty 
hard to separate the level of FeB pairs; from the overlapping- 
levels of Curpairs in p-SiI31 1]. ^ 
are not inherent in DLTS : and ean few 
phisu<^ed techniques for ^ 

or DI^S spec^ ; - ' 

rate techniques seldom u$ed^ 

upper (in n-Si) or lower (in : ^ \ v : : ; , 



: " : ^t':?"^ ^^foi : detectioh 

• ^ 

: ; ; "e^otod^ with;optieal excitation are knowri;; 

Osucit tas, dee£ levd of>4cal spectroscopy (DLDS) {309,3:15], 
,ppti<^ DLTS (QDLTS) [309 and minority carrier tran. 

: , t jDpRS cani--te;.use^;to svirface analyses only if the, sur- 
face rcofi^ 
temperature he^ 
a g<^-c6ireladon between^^ 

trations in the; c»ntamii^on range from lO 1 ^ to 10 I3 cm^ 
Wasreportedby Anttila et ai [278], and Hacklet al. [174]. 

4' 9 3i Total reflection X? ray fluorescence 

X-ray fluorescence analysis is based on the interaction of 
X-ray photons with matter which results in the ejection of 
a core electron from the atoms in the sample/The ionized 
atoiri in noneqxiilibrium state returns to its normal state within 
an extremely short time via the transition of electrons from 
the outer shells to the inner shells and emission of an X-ray 
photon whose eneigy is the difference between the binding 
energies of the two shells. Hie energies of the emitted pho- 
tons are characteristic for each individual element and can 
be used to determine the composition of the sample. XRF 
analysis is a spectroscopic method, which can determine con- 
centrations of a wide spectrum of elements from a single 
measurement, independently of the chemical state of these 
elements in the sample. Solids can be analyzed directly with 
no or little sample preparation, and no vacuum or control of 
the temperature of the sample , is usually required. All elem- 
ents with atomic number greater than Z = 11 (sodium) can be 
detected [58, 3:19]. The light elements with Z, < 1 1 are diffi- 
cult to detect since their principal XRF emission lines are in 
the range of long wavelengths X > 10 A, where most X-ray 
detectors lose sensitivity. If a windowless detector is used and 
the measurements are done in vacuum, one can obtain accept- 
able sensitivity also for the lighter elements down to Z — 6 
(carbon) [320-324]. 

Since the escape depth of emitted X-rays in the matter 
is usually limited to less than about 100 \im, XRF is well 
suited for analysis of impurities on the surface and in the near- 
surface layers of the samples. Unfortunately, the sensitivity 
of classical XRF does not exceed the ppm range, which is 
too low for trace analysis of impurities in silicon. Hiis is be- 
cause of the background radiation added to the XRF emission 
spectrum of the sample by elastic and Compton scattering 
of the exciting radiation in the substrate (silicpn wafer), and 
by bremsstrahlung from photoelectrons induced by the inci- 
dent X-rays. An important advance in the XRF technique, 
which improved the; sensitivity to : surface contaminants by 
abour five orders of magnitude, was achieved by using the 
total reflection X-ray fluorescence technique [319, 324-326]: 
A typical TXRF-system is sketched in Fig. 7. An X-ray beam 
from a conventional X-ray tube illuminates the wafer sur- 
face; at gla[n<^g incidence so that the condition for total ex- 
ternal reflection of ;the X-rays is . met, thereby I 
X-ray penetrati^ of the wafer. This 

gyesaily reduc^ the undesirable background X-ray radiation 
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F1g* 7- The basic design of a TXRF instrument 

from the substrate because; the . incident radiation practically 
does hot penetrate into the material; Additionally, the fluores- 
cence radiation from the surface contaminants is doubled in 
intensity because the impurity atoms are excited by both the 
incident and the reflected radiation [323]. Hie critical angle 
of total reflection of X-rays from silicon depends on the en- 
ergy of the incident beam.- The value of <Pcni is about 0.21° 
for the X-ray energy of 8.4 keV, 0.10° for X-ray energy of 
17.44 keV,. and 0.051° for X-ray energy of 35keV [58]. To 
avoid technical difficulties with excessively low incidence an- 
gles, relatively low-energy X-rays are used (typically from 
SkeV to approximately 30keV). Since the emission spec- 
trum of an X-ray tube is not monochromatic, it is first fil- 
tered by deflecting the X-rays: by what is called the first 
reflector (Fig. 7); A simple quartz block acts as a totally re- 
flecting mirror or low-pass filter and is generally sufficient, 
although more sophisticated systems may use multilayer fil- 
ters. Hie fluorescence radiation from the surface atoms is 
detected using a Si(Li) X-ray energy-dispersive detector, lo- 
cated perpendicular and close to the sample surface. The 
details of the TXRF measurement systems and description 
of procedures used for analysis of obtained spectra can be 
found in [58, 327, 328]. 

TRXF requires calibration by measuring a standard with 
a known contamination level. A discussion of the issues 
or preparation of standards suitable for analysis of silicon 
wafers, and of accurate determination of absolute values of 
surface contamination can be found in [329-333]. Hie prin- 
ciple peaks of X-ray fluorescence spectra associated with iron 
are at 6.403 keV (K ai ) and 7.057 keV (^). Usually, iron 
is considered to be unambiguously, detected if both of these 
peaks are observed. Since the detection limit of TXRF is in- 
versely proportional to the square root of the counting time, 
one has to find a compromise between the sensitivity and 
the throughput of the system. For trace analysis, the counting 
time is usually in the range of 100 s to 1000 s [83]. Map- 
ping of a wafer is also possible, although it is time-consuming 
(a single map may take up to 12 h, [334]). TXRF usually fo- 
cuses X-rays in an approximately ;0.5 cm 2 spot on the wafer 
surface, so the resolution^ the mapping is low. 

TXRF can :in principle be used to measure the bulk con- 
tamination of silicon.[335, 336]. For bulk analysis, the sample 
is dissolved in a mixture of HNO3 and HF. Dissolution 
of silicon or silicon oxide results in formation of hexaflu- 
orosiHc acid H 2 SiF 6 : 3Si +4HNO3 + 18HF -V 3H 2 SiF 6 + 
4NQ + 8H 2 O r or Si02 + 6HF H 2 SiF 6 + 2^0: TTie com- ; 
pound H 2 SiF6 is unstable and is decomposed according to 
H 2 SiF 6 SiF 4 + 2HF. The silicon fluoride SiF 4 is volatile 



and is evaporated by heating the .vessel: with the solution. 
After evaporation = and cooling, the ;residue is taken up; with 
a small quantity of diluted HNOj;. About 10-50 pi of the so- 
lution Ls transferred to a: cleaned: quartz glass carrier; dried, 
and analyzed by TXRF. This procedure makes it feasible, to 
determine bulk contaminants in the ppb, range and eventu- 
ally even in the ppt range. The same dissolution procedure is 
routinely used for atomic absorption spectroscopy, discussed 
in Sect. 4.4. 

The composition, thickness, and even the density of the 
top layers in a range up to about 500 nm from the surface can 
be accessed by varying the penetration depth of X-rays into 
the substrate. This is achieved by a continuous variation of the 
angle of incidence [330, 337-342]. 

There is a noticeable: trend of gradual improvement in 
the detection limit of TXRF for iron, and most other ^criti- 
cal elements, from 10 ll -3 x 10 11 cm" 2 in the late 1980s (see, 
for example, [343,344]) to 10 9 -10^ cm' 2 in the 1990s (see, 
for example, [82,83, 174,322,337,339,345-349]). The sen- 
sitivity of TXRF can be further improved by irradiating the 
sample surface by two X-ray beams incident from, perpen- 
dicular directions in order to increase the intensity of the 
X-ray fluorescence [350, 35 1]. Another way to achieve higher 
detection limits is to use synchrotron radiation as a source 
of X-rays [352, 353]. A sensitivity of (2 - 5) x 10 8 cm - * was 
reported for synchrotron TXRF in [354-358]. This improve- 
ment is due to (i) a much higher photon flux illuminating 
the sample; (ii) synchrotron radiation that is over 95% lin- 
early polarized in the horizontal plane, which reduces the 
Compton-scanered phonons by about an order of magnitude; 
(Hi) a high degree of collimation of the synchrotron radia- 
tion, ensuring that the photons are incident on the sample 
at a well-defined angle [355,359]. A clear disadvantage of 
synchrotron-radiation TXRF is that it requires a large-scale 
piece of equipment, the synchrotron, which is not widely 
available for research work and even less so for routine 
analysis. 

A more common way to increase the sensitivity of TXRF 
analysis to surface contaminants is to use the vapor phase 
decomposition technique (VPD). The VPD technique was 
originally developed for use with atomic absorption spec- 
troscopy (see Sect. 4.4) [360,361], and was later adopted 
for TXRF [83,348,353,361-363]. In a reaction chamber, 
the wafer is exposed to the vapor of hydrofluoric acid, 
which dissolves the Si02 surface layer (native or thermal 
oxide) according to the reaction: Si02 + 6HF-> H2SiF6 + 
H2O. The impurities on the surface are contained in the re- 
sulting water droplet or moisture film. Then, a droplet of 
ultrapure water or an aqueous solution of H2O2 and/or HC1 
and/or HF and/or HNO3 is swept across the surface to col- 
lect the contaminants. An automated system is required to 
ensure reliable reproducible collection of the dissolved im- 
purities [353, 364]. After the water is evaporated, the residue 
is analyzed by TXRF. The VPD step, prior to TXRF im- 
proves the sensitivity of the analysis up to two orders of 
magnitude (which is essentially the ratio of the total ^rea 
of the wafer surface, from which the impurities were col- 
lected, to the analysis area of TXRF (0.5 cm?)) and reaches 
10 9 cm" 2 for 100-mm wafers and 5 x 10 8 cm~ 2 for 150 mm 
wafers [209, 278, 348, 362, 365]; even the sensitivities of 
1 x I0 8 cm* 2 [329]: and 8 x 10 7 cm" 2 [82] were reported. 
The total time required for the VPD step is in the range 



of several hours; ^1^^ 
exeeUent repix>^ 

YPEVTXRF analysisis:^ i 

dupbihty was observed 

was used [83]. : ; . . v - : ^v-V^r^l!^ 

Typical apphcatipns of TXRF ini:^ 
dustry are: the analysis of s^aitingi wafers^: ^Uie;%Qnitorink- ! 
of cleaning processes, and the analysii of 'implanted ;wtf(ec5 : ; : :: 
as.equipment control step, [174, 278v321,$*3, 347', 3^36^1; : , 
A disadvantage of is tbat it is limited to ioy^g^tipns : i 
of the polished front side, and generally /cannot: be applied-to 
processed wafers. 

applied to actual product w^fers at various poiqt$ in;thej|ianii- 
factoring process where the surface planarization technique ; 
has been used: They reported that although non-idealities of 
the processed and planarized>^^ of 
sensitivity by a factor of: 100, they could reach ^detection 
limit of 10 11 cm" ? by using; a state^of-tbeTsart TXRF spec? 
trometer. Hockett [345J reported the apfplieation of TXRF to 
the unpolished backside of a wafer, also: with a significant loss 
of sensitivity. •-. . " : .-<- :> .' v.--:^.-, 

4 A Atomic absorption spectroscopy 

Atomic absorption spectroscopy (AAS) was introduced in 
1955 by Walsh [369], The technique is; based onBeer^s 
law, which states that if an atomized element is irradiated 
with the light of its own characteristic resonance/ wave- 
length, then the absorption of the light is exponentially prot- 
portional to the concentration of absorbing atoms of this 
element in the light path. An atomic absorption spectrom^ 
eter, schematically presented in Fig, & consists of the ; foK 
lowing major components: a stable light soiirce, emittinig 
the sharp resonance line of the element to be determined 
(usually, so-called hollow-cathode lamps are used; special 
lamps for each element are available); an atomizer which 
has a sufficient temperature to produce an atomic yapor of 
the sample; a monochromator to isolate the resonance line; 
and a photomultiplier that detects the intensity of transmit- 
ted .light and measures the absorption. The atomizer can be 
either a flame system (as shown in Fig. 8) or an electrpther- 
naal atomizer such as a graphite tube furnace (incrpduced 
by L'vov [370]; see also [371-373] for later m^ific^tipos). 
A comprehensive description of the f^ysics/pf AAS and of 
the. experimental equipment can.be found in ^ numerous tek^ 
books (see, for example, [374-377])l 
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Fig, 8. A schematic diagram of in AAS mstrurnenL The dis^lved s^plc 
iis injected into a flame, where it causes adsorption of Ac; transmitted tigb£ 
OF- AAS instruments use a graphite tube ideated by clecmcafcunc^ 
of the flame torch .taacfekvebea^ ^i^•::V^h. : ^^:^V^p• 
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: of trace concentrations of iron 
silicon ^ffi/fl sensitivity 
df^^AAS to 'jnm is about 3bQ toes higher than that of 
^;^^^entiqQal- : -AASi [376]/This ;sensitiyity improvement 
is^iiwMly ; due to the> c^nversibd of nearly: aU of the ; anajyte 
in:the:^s&^ a longer Ufetime of the iri- 

;= dividual ^atoms in the- Vapors in the light path than can be 
thieved by flarite. ^ GF-AAS fourid applications in the silicon 
industry only in 19%, when Gkuuchi et al. [379] and Sha- 
bani et al; [158; 380] developed ^n experimental procedure 
for quantitative studies 6f redistribution of transition metals 
in siMpon wafers: dining outdiffusion and gettering. AAS ana^ 
; lyzes mainly liquids, and thus requires that the sample con- 
taming; the impurity is dissolved. The corresponding impu- 
rity concentration in the bulk of the sample must be then 
recalculated. A standard procedure used for dissolution of 
Si wafers is described in Sect. 4.3 above, and takes much 
longer than the measurement itself. It was pointed out in 
the literature [381] that the detection limit required by the 
silicon technology can be achieved only if AAS is oper- 
ated in a class- lO clieanroom, and if all chemicals used in 
the analysis aire pre^arialyzed to verify their purity before 
:use.- ! .';: •• - l - . ;= • r- 

The etching of thin layers of silicon (0.Q1 to lOjim) with 
subsequent AAS analysis of the etchant was suggested in 
1994 by Takenaka et aL [382]. To achieve a better etching 
repfroducibility, Shabani et al. [380] suggested the one-drop 
sandwich etching technique. In this method, one droplet (typ- 
ically 1 ml) of a mixture of HF and HNO3 solution is placed 
on the surf ace of a clean Teflon plate. The droplet is then 
sandwiched between the wafer and the plate. After 2 min, the 
wafer is removed and the droplet of etchant, remaining on 
the plate, is analyzed with GF-AAS. This technique enables 
one to achieve sensitivity for Fe of 10 13 cm~ 3 [379], if only 
thin layers (1 \im) are etched from the= surface of a silicon 
wafer and analyzed, and 5 x 10 U cm -3 , if the whole wafer is 
dissolved. 

AAS is also suitable for the analysis of impurities in the 
oxide layer or on the wafer surface. This is possible using the 
vapor phase decomposition (VPD) technique or a one-drop 
sandwich etching technique. The VPD technique was dis- 
cussed in Sect. 4.3 above. Hie combination of VPD technique 
with : AAS, introduced by Shlmazaki et al. [360], enabled 
them to achieve the sensitivity to metal contamination on the 
surface of silicon oxide up to 10^ cm" 2 . The detection limits 
in the subsequent reports were scattered from 3 x 10 10 cm" 2 
down to 1 x 10? cm" 2 , probably due to variations in the sam- 
ple preparationprocedure [82, 83,209, 361, 383]. 



4.5 y Mass spectrometry 

A mass spectrometer is an apparatus that produces a beam of 
gaseous idns from a sample, .sorts out the resulting mixture 
iof ipns acfcordLing to their rnass-to^harge ratios by utilizing 
:dectric iuir#o^ signals 
that aie a measure of the re lative atondance of each ionic 
;sp0cies present [384];: Every mass ; spectrometer consists of:. 



(i) a source, where '"a beam of jonized latoms pf ;the sinple 
under investigationis : generated;(ii) an anal>^r; L in whichthe 
separation of ions according to their. mass-UMAarge ratio is 
achieved; (iii) a detector, where the resolved ions are detected 
■and thek intensity is measured. : : ; • . t . 

. . ■ i The most widespread? mass-spectroscopy technique is 
the ' secondary-iou mass spectrometry (SIMS)!v A schemat- 
ics pf : a SIMS instrument is presented in Fig. 9. The sample 
under investigation is bombarded, in a vacuum chamber, with 
a beam of primary ions (usually oxygen) having energies of 
typically 1 to 20 keV. Due to this! ion impact,,target atoms are 
sputtered away, with only a small fraction of them being ion- 
ized. These ions are extracted from the target region and sent 
into a mass analyzer, where the flux of the ions with a given 
maSs-to-charge ratio is measured Since the ion beam contin- 
uously removes the surface of the sample 'layer by layer 1 , it 
is also possible to perform a depth analysis [385], A detailed 
discussion of the SIMS technique and instrumentation can 
be found in textbooks such as [386-388], and in numerous 
review articles <for example, [385,389^392]), For our fur- 
ther discussion it is important only to point out that there are 
two distinct modes of the SIMS analysis, determined by the 
sputtering rate: dynamic and static. 

In dynamic SIMS, high ion current densities are used to 
erode successive atomic layers at a relatively fast rate. This 
increases the sensitivity of the method, and enables one to ob- 
tain depth distributions of impurities. Dynamic SIMS is one 
of the most widely used techniques to determine dopant dis- 

; tributions after diffusion or implantation [393-397], and has 
the following mutually exclusive ultimate limitations: detec- 
tion limits between 10 13 and JO 16 cm" 3 , a lateral resolution of 
20 nm, and a depth resolution approaching 1-2 nm [387, 393, 
395,398]. 

Static SIMS is confined to analysis of the top monolayer 
of the sample. This is achieved by a very low primary ion 
beam intensity and by a correspondingly low sputtering rate 
(10~ 3 to 10~° of a monolayer per second). To obtain a suf- 
ficient secondary-ion yield for such a slow sputtering rate, 
the secondary ions are sputtered from a larger area (about 
0. 1 cm 2 ) [395]. The major advantage of the static SIMS is its 
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Fi& 9* A schematic diagram of a SIMS instrument, ^ Primary ion beam hits 
the sample and sputters secondary ions, which' are then accelerated by elec- 
trostatic, accelerator to obtain; an ion beam homogeneous in energy: The 
magnetic field in the mass-analyzer, (normal to the plane of the figure) 
has prism action on ions^vith different masstc-charge ratios. Only ttie ions 
with a certain massrp-charge rano : are detected by the collector. Scanning 
may be achieved by either varying the accelerating voltage, or the magnetic 



extremely high sensitivity to the isurfac^ contaminauori level,; 
typically about 5 x 10? cm" ? ; ; . . ! . . ^ k '' 

":• . The problems of a relatively low. secondary-ipn yield arid 
its strong dependence on the matrix effects^ which; cbmph-. 
cate the quantification of SIMS and limit its sensitivity^ have 
stimulated the development of other techniques of mass spec- 
troscopy. One of these techniques: is sputtered: neuitral mass 
spectrometry (SNMS), where the processes of sputtering; and 
ionization are decoiipled.In SNMS, the sputteredneutrals are 
post-ionized (the probability of ionization of a sputtered neu- 
tral atoms usually exceeds. 1%, which is up. to four orders 
of magnitude higher than secondary ion yield in SIMS [399, 
400}) by either a low-pressure rf discharge plasma (plasma 
SNMS) [401-403]; by electron impact ionization (e-beam or 
e^gas SNMS) [404], or by laser photDionization [405-408]. 
Anotherway to ensure high sensitivity of a mass spectrometer 
is to increase the fraction of ions that are transmitted through 
the mass analyzer to the detector [409]. The transmission of 
ions through the mass analyzer depends on the construction 
of the analyzer and varies from approximately 10^ 5 to 0.5. 
Only time-of-flight (TOF) analyzers, which measure the time 
required for an ion of a known energy to traverse a certain dis- 
tance, have transmission better than 0.1 [410]. This enables 
one to achieve the sensitivity of a SIMS machine by a factor 
of 100-1000 greater than that of a machine with the standard 
quadrupole analyzer. However, the TOF analyzer requires the 
ion beam to be pulsed, which implies a complex and expen- 
sive primary ion beam system. 

The sensitivity of SIMS to the surface iron contamination 
of silicon wafers was reported to be between 6 x 10 8 cm" 2 , 
determined by TOF-SIMS[411], and 5 x 10 9 cm" 2 , reported 
from laser-SNMS measurements [409,412,413]. A number . 
of other groups reported the detection limit of surface TOF- 
SIMS between 8 x 10 s cm" 2 and 5x l0 9 cm~ 2 [209,337, 
414,415] (Schnieders, 1996 #1022 [82,416]). One of the im- 
portant factors which determines the actual detection limit of 
iron by mass-spectroscopic techniques is interference of the 
iron peak with the other closely adjacent peaks in the mass 
spectrum. For example, the detection limit for iron ^Fe"*" is 
frequently affected by the interference with 25 Si^ [385] or 
with ArO + [383,417], if argon plasma is used to produce 
secondary ions. Analysis of heavily boron-doped substrates 
can be hindered by interference of *°B-Si^O trimers with the 
^Fe* signal [418]. 

Pellin et al. [405] achieved the sensitivity to bulk con- 
tamination with iron of 2ppb (5x l0 l3 cm~ 3 ) by using 
dynamic laser resonant ionization SNMS. McQaniel et 
al. [419] reported a detection limit for Fe of about 15ppb 
(4 x 10 14 cm~ 3 ) using accelerator SIMS (see [420, 421] and 
references therein for details of the technique). The sensi- 
tivity of standard SIMS is usually limited to approximately 
10 ld cm- 3 of iron [405]. 

Probably the most sensitive modification of mass spec- 
trometry is the inductively coupled plasma mass spectrometry 
(ICP-MS) [417]. The advantage of the plasma ion source 
is its very high temperature (5000 to 8000 JC)„ resulting 
in the almost complete atomization and ionization of the 
sample. The major problem with application of 1CP ion- 
ization techniques to mass spectrometry was the develop^ 
ment of the ion sampling interface, which would separate 
the area of TCP with atmospheric pressure and the high- 
vacuum area of the mass analyzer, and yet would allow. 
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The reported sensitivity limits of the IGP-MS analysis for 
iron are scattered from 2.6 x 1 0 8 cm" 2 after a VPEMype coly 
lection of iron from the surface of 200-mm wafers [425], to 
poorer detection limits of 2x 1 0 10 cm" 2 for 6-inch wafers [84], 
and 2.5 x l^cm" 2 , as reported by Joly [82]. Gupta et 
al. [383] used ICP-MS to detect trace metals -in ultrajpure / : 
deionized water and 2% HF and reported detection limits of 
16 ppt for water and 55 ppt for HR 

4.6 Neutron activation analysis (NAA) 

Neutron activation analysis (NAA) is based on she quantfc- 
tative detection of radioactive species produced in samples 
via nuclear reactions resulting fromneutron irradiation of the 
samples. The samples are first irradiated with neutrons from 
a nuclear reactor, and then are .moved, to -a counting facility 
to determine the amount of radioactivity induced by the inter- 
action of impurities with neutrons. Counting is most efficient 
if radioactive, isotopes have a half-life time, : /i/2, in the rangei 
of several days to several weeks'.. If ti/2 is shorter than a day 
(which is the case for. radioactive isotopes of such elements 
as B, Al, O, N, Cu, or U), much of the radio^tiviry: will der 
pay before the sample is moved from reactor to a counting 
facility. Counting of radiation from isotopes with excessively 
long half-life times (greater than several weeks, such as Be) : 
is complicated by background radiation (for example, by cos- 
mic rays) since the intensity of gamma radiation ; from the 
samples is low. . ^ :;. 

The only radioactive isotope of iron with a suitable for 
NAA : half-lifetime is 59 Fe </i/> = 45days):..Iriis>isotope; « > 
formed by neutron activation of ^Fe. The ntdioactive de- 
cay of 59 Fe : to the stable isotope 5S Co results in emission 
of y radiation at several energies, the most: probable being . 
1.2915MeV and l.Q986MeV :[426], .Unfortunately, the is^ : 
topic abundance of 5 ^Fe is only 0.31% [426]. ^us, only 
0.3 1 %. of the total iron impurity can be activated:and detected - 
by NAA. Consequently, the sensitivity of detection of iron in 
silicon is one of the poorest among about 43 to ,53 elements 
detectable by NAA, and is about 3 orders of magnitude low$r : 
than that forCo orAu {68, 197]: v- .: ;I ;: : ; ; 

; NAA is used in two different fom 
instrumental. Radiochemical NAA requires the (^micalis^;: ; 
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to detect up to> about ;50 impurities after a single; neutron 
irradiation [6$, 197,430]. This, techniqueis based upon the 
quantitative detection pf gammarray emitters formed by ir- 
radiation by means of multichannel gamma-ray spectxomeiiy; 
Tlie elements are identified by the energy of emitted gamma 
quanta. Fortunately, silicon is Very well suited for instrumen- 
tal NAA. The only silicon isotope which becomes radioactive 
afjter neutron irradiation is ^Si (natural abundance 3.05%), 
which. is activated by thermal neutrons to- 1 Si and titien de- 
cays to the stable isotope 31 P. The latter reaction, used for 
neutron transmutation n-type doping of silicon, is a beta- 
decay (y ray abundance only 0.07%) with a short half-life 
time of 2.62 h. This makes matrix effects from the silicon 
itself negligibly .small, Furthermore, since silicon is a light 
element, and since the purity of semiconductor-grade silicon 
is very high, there is very little attenuation of the incident 
neutron flux by the samples themselves or self-absorption of 
the emitted gamma rays [69]. NAA can be applied to in- 
trinsic and, with spme limitations, to doped; silicon Boron 
is an ideal, dopant for NAA purposes. Tlie fission reaction 
of l0 B with thermal neutrons generates no radioactivity, and 
the beta activity resulting from the n B(n, y) 12 B reaction has 
a half-life time of much less than 1 s [69]. In contrast, phos^ 
phprus becomes a 14-day half-life emitter of high-energy 
betas, which in turn give rise to the copious generation of 
bremsstrahlung X-rays, raising instrumental deadtime and 
background at lower energies to unacceptable levels. Like- 
wise, arsenic is readily activated to the 76 As isotope with the 
lifetime of 26 h.i Although the decay time of 26 h is much 
faster than that of iron, very high starting concentration of 
arsenic may make trace concentrations of iron undetectable 
on the background of the radioactive decay of the arsenic. 
Thus, highly phosphorus- and arsenic-doped silicon samples 
are poorly suited for instrumental NAA analysis. 

Conventional instoimental NAA uses relative measure- 
ments* The amount of the impurity present in the sample is 
deteirntinedby comparing the intensity of gamma radiation 
with, the energy specific for this particular element with that 
of -a standard, which is co-irradiated with the sampfo 
purity-.c^ncCTtratiGtt can be calculated accurately only if the 
gamnia activity of the sample and the standard are close. In 
lieu 6f standards containing iron in quantities relevant to the 
: silicon industry (about JQ- ■ tq.10 1 ? atoms),.the imjmrity con- 
centr^tipn is calculated by absolute counting, i.e., from the 
absolute ouml^ ;Qf:.YrCCHmts ; [431, 432], This is; the fastest 
. approach since, it' does.:not. require; any chemical treatment 
. of &e:^ exception of cleaning), and avoids 

: :most:b£ the: work, on: standards. iThis. method relies, on ex-: 



plicit knowledge;; cif parameters of the reactor, .detector, and 
nuclear d^'^cludingan^ 

. bf impuritijes; -actiyai^ in ithe sample for the given diuation pf 
' tte=irradiation;- Xx:{^:^}:y\ . : 
/ ; -The NAA detection limit of iron in : silicon has been 
steadily improving in the last years , due to the ! develops 
ment of underground laboratories : which can decrease the 
intensity; of background cosmic radiation by a factor of 
40 [433] and even up to a factor of 1000 [197]. Addi- 
tionally, sensitivity: is improved: by using larger samples 
since NAA detects the total number of radioactive iso- 
topes in the samples rather than their concentration. The 
reported sensitivity of NAA to iron has increased over the 
years from 2ppm (5 x 10 16 cm" 3 ) in 1951 [434], 20ppb to 
120 ppb (5 x 10 I4 cm" 3 to 3 x 10 15 cm- 3 ) in the beginning of 
1970s [435^437],430ppt (1.1 x 10 13 cnr 3 )in 1989 [438], to 
8.3 ppt (about 2 x 10 11 cm" 3 ) in 1993-1996 [68, 197]. 

Unlike DLTS or SPV, NAA measures total iron concentra- 
tion in the bulk, no matter if it is in the form of electrically 
active or inactive point defects r ;Complexes, or precipitates. 
Although NAA in its simplest form lacks any geometrical 
resolution (lateral or perpendicular distribution), profiles of 
the distribution of the impurities can be measured by repeat- 
edly etching off thin layers from the surface of the specimen 
and measuring either y-counts from the etchant, or from the 
sample after etching [439, 440]. A similar technique can be 
used for analysis of the surface contamination of the sam- 
ples [441 , 442], Note that sample handling after irradiation is 
not critical since any contamination added after the sample 
is removed from the reactor will not be radioactive. Rath et 
al. [443] applied NAA for the analysis of surface contamina- 
tion of 4-inch silicon wafers, obtaining a sensitivity to iron of 
7xl0 ,0 cm- 2 . 

NAA studies have significantly contributed to the quantifi- 
cation of fundamental physical properties of iron in silicon. 
NAA was the chief method used for determination of the sol- 
ubility of iron in silicon [98,444-446]. The technique was 
also used in gettering studies [146,447] and for studies of 
contamination by transition metals on different stages of 1C 
manufacturing (see, for example, [60, 68, 69, 438]). However, 
NAA is hardly suitable for die routine control of the impu- 
rity contents in processed wafers. The method is expensive 
since measurements of low iron concentrations in high-purity 
silicon require the use of nuclear reactors and underground 
counting facilities, equipped with state-of-the-art radiation 
detectors. A typical turnaround time, needed for analysis of 
a silicon sample for iron, is as long as 4 to 8 weeks [68]. 
This makes NAA a tool for silicon research and development 
rather than for production control. 



4.7 New prospective analytical tools 

Only a few tools can achieve the sensitivity required by to- 
day's silicon technology. One of these techniques is a mod- 
ification of Rutherford backscattering spectrometry (RBS), 
known as heavy-ion backscattering specrometry (HIBS)- This 
technique was developed in the 1990s at Sandia National lab- 
oratory [448-453] and is suitable for high-sensitivity analysis 
of surface contamination (up to the depth; of 0.5 pun, [454]). 
It is an ion-beam technique which uses the backscattering 
of moderate-energy heavy ions. Typically, C*~ or N* ions at 



a few hundred keV are ;used in HEBS, instead of • 1-2 MeV 
4 He+ ;ions used :in : RBS; The -use ;of heavy ions makes it 
possible to achieve a sensitivity that, is at least a. factor of 
10 5 greater than that of ^conventional RBS. This is be^ 
cause the backscattering yield is proportional to the square 
of the atomic number of the analyzing beam and inversely 
proportional to the square of its energy. This potential yield 
enhancement has been well known for a long time (for ex- 
ample; [455]), but was not utilized, until effective filters for 
backscattered ions, which would otherwise overload the de- 
tector, were developed. These filters are thin carbon or plastic 
foils. The thickness of the foil (typically 25 hm) is chosen 
such that particles scattered from the substrate are filtered out 
in the foil, while particles scattered from impurities heavier 
than the substrate (which have higher energy) pass through 
and are detected [450,454], The disadvantage of the foil fil- 
ter is that ions lose energy when they pass through the foil. 
This results in a widening of the peaks and a loss in reso- 
lution [456], which limits the capability of HIBS to distin- 
guish the elements with similar masses such as Fe and Ni. 
According to the literature reports, HIBS in combination with 
TOF detectors (see Sect 4.5) has reached the sensitivity to 
gold of 3 x 10 8 cm' 2 and that to Fe of 6 x ICP cxtr 2 [450]. 
Since HIBS as an ion-scattering technique does not require 
standards for calibration and has no matrix effects, it was sug- 
gested not only as a tool for contamination control, but also 
for the calibration of standard samples for other tools, such as 
TXRF [453,457]. 

Other emerging methods include synchrotron-generated 
X-ray characterization techniques. One of these techniques, 
synchrotron TXRF, has already been mentioned in Sect. 4.3 
above. The advantage of X-ray techniques is that they de- 
tect the total concentration of contaminants independently of 
their chemical state, and some of them are even sensitive 
to the chemical binding of the impurities, whereby the va- 
lence of the impurities and the type of chemical bonds can 
be accessed directly. However, sufficient sensitivity can be 
achieved only if extremely bright sources of X-rays, such 
as synchrotron accelerators, are used. Synchrotron-generated 
X-rays can be focused such that they can also be used for 
microscopy. Spot sizes as low as 300 nm have been ob- 
tained using zone plates, although typical spot sizes can be 
1 to 3 \xxtL Within such a spot, synchrotron sources can de- 
liver up to 10 10 and 10 12 monochromatic photons per sec- 
ond [458,459]. X-ray fluorescence (XRF), X-ray absorption 
(such as XANES, X-ray absorption near-edge spectromi- 
croscopy, and its modifications), and X-ray photo-emission 
spectroscopy (XPS) methods are the most relevant tech- 
niques for studying iron in silicon. In XRF, a core electron 
is ejected by the incoming X-ray. A higher valence elec- 
tron then drops into the empty core shell and emits an- 
other X-ray which is characteristic of that particular atom. 
In X-ray absorption methods, electron transitions from lower 
filled to empty upper states are detected. The energy lev- 
els of these states, and the observed energy spectra, de- 
pend upon the element itself and the chemical state that 
the element is in. Typically, calibration standards are re- 
quired to match the spectra of an element in various chem- 
ical states. In XPS, the kinetic energies of electrons ejected 
from, the sample: by monochromatic X-rays are examined. 
The ejected electron energy depends on the binding , en- 
ergy of . the electron, which depends on the type of elem- 
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5 Reduction of iron contamination by chemical cleaning 

Over 50% of the; yield losses: in integrated circuit fabrication 
are assotiated \wth ^ 

ics, particle^, and metals [4i66], Wafer cleaning is ^import 
ant and ubiquitous process step in silicon technology; >whkh 
not only removes contaminants fro^thei wafes surfaces, but .: 
also prepares wafers for subsequent processing {461fc^& : 
includes stripping surface layers (for example; photoresist), 
etching surface layers (for example, pxi(^),Temoying sacri- 
: ficial layers (for example; surface; SiOa), and; drying wafers ' 
(for example, using isoprppanol), -Optimization of -silicon 
cluing technology has developed into an area of to 
research spanning materials science, chemistry, and electro^ 
chemistry. In- this section, ;we will discuss the ^efficiency 5 of 
available recipes for cleaning the silicon wafers, with a : spe- 
cial emphasis on prevention of iron contamination. 

5:1 RCA cleaning ' ~. 

The RCA cleaning procedure, developed at the: Radio Cor- 
poration of America by Kern and Puotinen [462] in: the 
1960s, remains the basis of wet cleaning chemistxy {463]* 
RCA cleaning consists of the sequential use of two solu- 
tions with intermediate rinse in running deionized (DI) water. 
The first solution, known as SCI ("standard clean r),! typ- 
ically consists of 5-1-1 to 7t-2-1 parts by : .volume of Hip- 
H2O2-NH4OH. It removes primarily organic contaminants 
and particles from the wafers. The second ^solution, known 
as SC2 ("standard clean 2"), consists of H 2 OrrH202-HCl in 
the proportion of 6-1-1 to 8t2-1 by volume and is .used for 
desorption of heavy metals (such as iron) from the silicon sur- 
face. Cleaning in either mixture is typically carried put at 50 
to 80 °C to sufficiently activate tiie mixtures without causing 
excessively fast decomposition of H2O2 [460,462]. : 

Frequently, SCI and SC2 are used in; combination with : 
other cleaning steps. A preliminary clean-up treatment with 
a hot (100 °C and above) 4:1 H2SO4/H2Q2 mixture (known 
as "piranha bath", or "Caro" cleaning) is used: to remove or- 
ganic contamination originating from the transportation ii* 
wafer carriers, residual photoresist, or organic a4$orptipn 
from the atmosphere. The very, strpng oxidizing power of 
Caro etch results in a quick grpwth of a chemical oxide &xp to 
1 . 3 nm thick) on the top of the silicon >yafer; which imbeds all 
surface contaminants (metallicsiand particles) 125, 463]. This 
silicon dioxide layer can be stripp^ together with the imbedk 
ded contaminants by an HF solution, which proved;to be;^n: 
efficient means tp remove metals from wafers {25, 464]. How-r 
ever; the Caror-HF cleaning sequence is less ^efficient Jn thet 
removal of particles than SCI alone [25}. Another di^va^ 
tage; of the Caro mixture is ite togb viscos^ 
a residual boundary; layer at ; the. wafer ^ surfia^ which is; 4iffir: : 
cult to remove -by normal pi.water rinsmg:{463^4651i ...w^j; 

Etching in ^diluted HF is used^ to remove the thin layer 
of contaminated native oxide. The reason why WrC^^n^ ; 
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; Si/Si02 interface under the oxide, it can be removed only by 
etcfe&g ydA^UiiteHE SC^isteps..Unfortu- 
:nafely^!^ s^ 

■ expos^ to HE anCto^ 
eortfainin^te^m Re solutions, DI water, and die ^ambient 
aLr;[460j^;Contrajy td;SCl, the subsequent SC2 solution has 
no r$urfatf^^ these contaminants [46Q]< 

Therefoi^ ; on% ;shp3L^ to: avoid re- 

contamination of the wafers after a HF etch. A possible way 
to remove the oxide and avoid electrochemk^ plating of 
some metals is to add small amounts of H2O2 (on the order 
of 1%) [467} or HC1 (approximately 3%-5%)[468] to the 

Hosoya [62] pointed out that the removal of a 20- to 
3G^nm surface layer from the wafer by using silicon etch 
such as a mixture of HNO3, HF, and CH3COOH (also known 
as CP4), before the RCA treatment is very effective in re* 
moval of iron contamination introduced by reactive ion etch- 
ing. However, etching of the wafer surface may degrade the 
polished quality of the wafer surface. 

Removal of particles and removal of surface metal con- 
taminants are two major objectives of the RCA cleaning pro- 
cedure, which unfortunately cannot be achieved by a single 
cleaning solution. This is because the removal of metals (as 
we will show below) is more efficient in acidic solutions, 
whereas particles are removed chiefly in alkaline solutions. 
The^proeess of adsorption of particles can be quantitatively 
described by the electrostatic interaction between the par- 
ticles and the silicon wafer. This model uses the notion of 
thei zeta potential, which is essentially the potential of the, 
wafer/particle interface acquired in the solution due to ad- 
sorption of ions such as OH" or H+ at its surface. Itano et 
at [469] showed that zeta potentials of Si, S1O2, S13N are 
all negative in the base solutions. This results in the elec- 
trostatic repulsion of SiCk or; S13N particles from the Si or 
SiOo surface and makes deposition of particles improbable. 
On the contrary, the electrostatic, attraction between the sil? 
ica on the wafer surface, and most of the particles is a strong 
driving force for deposition of particles in the solutions with 
pH between zero and 5: [470]. This is because the zeta po- 
tential of Si changes to positive only at pH < 0 (as was also 
shown in [471,472]), whereas the zeta potentials of SiOi 
and Si3N4 becomes positive at pH; < 4 and the =zeta poten- 
tial -of FeoOa particles is positive at pH < 6; the isoelectric 
point of alumina particles AI0O3 is at pH of 8.5 [473], Note 
that incorporation of iron and other metals into : the surface 
oxide, -which ?are reportedly negatively charged in the oxide 
(see, for example, [183, 185, 186,474,475]), may also af- 
fect its zeta potential and, consequently, the probability of 
adsorption. of iparticles on the wafer surface [476]. Accords 
irigto; and HCI/HNO3 

itfii^^ the : .'range; d.:<:ph;< ; .8.5, favbrable for 
'l^^cle de^ 
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- . : : iflhe effects ;of. removal/deposition, of inetals-in cleaning 
solutions hias beena subject ofihtensivei studies starting from 
the original \vyoifc Keni [481]^ \yho used radiotracer measr 
urements to show that the -most efficient removal of metals 
from semiconductor surfaces- was achieved by the complex^ 
ingdis^lutionin acidic H2O2 (such as SC2), whereas etching 
in spiked alkaline solutions (such as SCI) resulted. in ex- 
tremely high iron contamination levels of the wafer (up to 
10 14 cm~ 2 ). ; lliese results- were later confirmed in a great 
number of studies; For instance, significant deposition of iron 
from SGI was observed in {190, 278, 367, 482-488], 

: P&rket aL [489] reported that SCI alone, or, SC2 alone, 
or HF alone were not efficient in the removal of iron. How- 
ever, the removal, of iron can be successfully accomplished 
by a combination of a HF etch, to remoye ; the oxide with 
impurities, and SC2 .to desorb the residual iron remaining at 
bare silicon surface after HF etch [489]. The combination of 
all three steps (SCI, HF, SC2). was found to be most effi- 
cient {488, 490, 49 1] since this procedure first oxidizes the top 
surface of the substrate along with the metals, then strips the 
oxide, and then finally removes any remaining metal residues. 

Dhanda et al. [492] studied the kinetics of the removal 
o f Fe in a standard (1:1:5 solution at 70°C) SC2 solution 
and found that the removal of Fe is complete in 10-20 s, Le., 
theconventional SC2 clean (lOmin or more at this tempera- 
ture) is clearly "overdone" with respect to the removal of Fe. 
Indeed, the temperature and duration of SC2 clean was opti- 
mized by Kern [462, 481] for removal of gold, which was an 
important impurity at that time. According to the literature re- 
ports, iron can be successfully removed by SC2 even at room 
temperature, and even by HC1 alone without the addition of 
H 2 O a [493]. 

Contaminated water can also deposit metals onto the sil- 
icon. As will be discussed in the next section, the pH s*.7 
of pure DI water favors the formation of iron oxide or iron 
hydroxide on the wafer surface. This phenomenon is well 
known in silicon cleaning technology [82,494,495], and the 
use of aqueous solution of Fe, Al* Cu, and Ni was even sug- 
gested as a method of intentional quantitatively controlled 
contamination of the surface of a silicon wafer [496]. 



5.2 The electrochemistry > of cleaning 

The physics and chemistry of the adsorption of metals from 
the solutions onto solid electrodes, such as silicon wafers, and 
their desorption, were established long before the beginning 
of the silicon era. In this section, we will briefly introduce 
. several notions used in electrochemistry necessary to under- 
stand the mechanism of deposition and removal of iron in wet 
chemical solutions. More details on this subject can be found 
in texts on electrochemistry (for example, [497-500]). • - : ■ 
Most salts of metals have ionic type of bonding with 
the electrostatic interaction energy of U = {qiqiyiArieeorX 
where r is the distance between^ the ions,, e is the relative 
dielectric permittivity of the medium, and $o is ; the absor 
lute dielectric permittivity of vacuum. If a salt is introduced 
into the water, the attractive, forces between the ions are sig^ 

. nificantly .reiduced due to the high dielectric permittivity of 
water, £ ~ 783 (25 °C); This decrease in the binding energy, 

. along . with the interaction of the salt molecule with the wa- 
ter, dipoles, results in spontaneous dissociation of the salt into 



ions. [497J. Most chemical reactions in the solutions can thus 
be considered as reactions between ions. Those reactions that 
inyolve electrons leaving from a metal or pther ; substance by . 
metallic conduction, are referred to: as eUctweheniical reac-r 
tions [501]. A general form of an electrochemical, reaction is 
^ViRj 4- ncr = 0, where /?, are the reagents, v,- are the coef- 
ficients in the reaction, and n is the number of electrons taking 
part in the reaction. Hence, an electrochemical reaction can 
proceed only if there is a supply of , or a sink for electrons. 
Note that the margin between the chemical and electrochem- 
ical reactions is hot well defined since a chemical reaction, 
which can be expressed as $Z V; < Ri ~ 0, frequently consists of 
a sequence of two (or more) electrochemical reactions, one 
liberating electrons, and the other one adsorbing them. All 
electrochemical reactions are subdivided into oxidation reacr 
tions, if they proceed in the direction corresponding to the 
liberation of electrons (for example, Fe° Fe 2+ + 2e~), and 
reduction reactions, if .they proceed in the direction corres- 
ponding to the absorption of electrons (for example, Fe 2+ + 
2er-^Fe°). . : . 

The simplest electrochemical model of adsorption/de- 
sorption of metals neglects complexes of metals such as 
oxides, hydroxides, etc., and assumes that metals dissolve in 
the ionic form, for example, M + , whereas deposited metals 
are neutral atoms, for example, M°, where M stands for 
"metal". The dissolution of metals from the surface of a sil- 
icon wafer in a cleianing solution is interpreted as an oxi- 
dation reaction which consists of transfer of electrons from 
neutral surface metals to the silicon wafer and die desorp- 
tion of the oxidized (ionized) metals into the solution. Con- 
versely, the adsorption of metals onto the wafers from the 
solution is considered as a reduction reaction which involves 
transfer of electrons from silicon to positively charged dis- 
solved metal ions, with their subsequent outplating as neutral 
species on the surface of the wafer. The first reaction will re- 
sult in an accumulation of negative charge on the wafer (the 
charge left behind by the desorbed ions), the second one in 
the accumulation of a positive xharge. The accumulation of 
the charge will result in electrostatic potential, built up be- 
tween the electrolyte and the electrode; This potential will 
increase as the reaction progresses and will eventually stop 
the reaction, by making it energetically unfavorable, unless 
the excess charge is removed by either an electric current 
passed through the electrolyte, or by another electrochem- 
ical reaction. It can be shown (see the texts on electrochem- 
istry, for example, [497,498] for more details) that the elec- 
trode potential, E, of an electrochemical reaction of the type 
53 Vi/f,- + ne~ = 0 is given in the general case by the Nernst 
equation: 

£=£0+ (S)S v ' ln(M ' ) • (9) 

where E° is the so-called standard electrode potentiial (meas- 
ured when the activity of the reagents is unity), F is the 
Faraday constant, R is the ideal gas constant, n is the num- 
ber of electrons transferred in the reaction, and Af/ are the 
activities of the reacting species 7?,; Activity of the ion is pro- 
portional to its molality, multiplied by the non-ideality coeffi- 
cient which approaches unity for very dilute solutions [501]. 
The model described above is: sufficient to describe the ad- 
sorption of noble metals, such as Au or Cu.: Iron is more 
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contact potential), all potentials are ^measured with respect ■ 
to the standard hydrogen electrode; The stand^jihytirog^n 
electrode is a platinum electrode, inserted into; the ielectrolyte 
through which hydrogen ga$ is passed at the atmospheric 
pressure. The potential of die standard hydrogen electrode is 
determined by the oxidation reaction 1 /2H2 +er . 

One can use (9) not only to calculate the electrode po- 
tential formed by an electrochemical reaction for givencont 
centrations (activities) of the components, but also: tb predict 
the equilibrium of several electrochemical reactions ongoing 
simultaneously. In the latter case, the activities pf the;reag^nt§ 
change as the reaction proceeds. The electrode rx^ential also 
changes until it reaches the level at which : all reactions are 
in equOibrium, i.e., the electrode potential of the first reac- 
tion, E\ , is equal to the electrode potential of the second 
reaction; £2/ :V-;.: 

n\F - nir " 

• . " • ; ;■:.:••>: :;i/v (10) 

Equation (10) enables one to predict the outcome of a pair of 
electrochemical reactions. The quantitative prediction of the 
real-life deposition/dissolution reactions is much more comv 
plicated than in the examples presented above, because of the 
many possible chemical states that the metal, the surface of 
the electrode (silicon wafer), and the cleaning, solution may 
take (see, for example, [497, 501]). Besides ^ neutral; metal- ; 
lie iron, Fe°, and iron ions, Fe?* and Fe ? +; one has to itake 
into account such common iron compounds; as FeO, FeaOs, 
Fe 3 0 4 , HFeOT , FeOH 2 +, Fe(GH) j, FeOj", and possible re- 
action between them [501]. A method to present the stability 
of different- phases as a function of the redoxi potential <rf 
the solution and its .pH was suggested by PourbaiX = in the 
1940s and is known as the Ppurbaix diagram, or potentialvpH 
diagram (501]. Since most of the reactionsdn. aqueous sio* : 
lutions directly or indirectly involve hydrogen ions or OH" 
radicals, pH is an important parameter which:determines the ; 
outcome of the reactions along with the redox potential of 
each of the reactions. A f>pical Poi^aix diagram for iron 
is presented in Fig; 10. . Generally, the development of such; 
a diagram begins with assessment of all possible : cbemi<ial ; 
states; of iron and possible reactions between: then> in 4 par- 
ticular cleaning bath. .For instances Pourbaix [50^ 
sweh reactions for iron. Ori the next step; the eqmlibriurR :cojp- . 
stant for each equationis written dow usin^N 
initial concentrations of e^h reagent; a^ 
tialsof the reactions involved. The^bbtamedsy^miof^aa- 
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fig. 10. The redox potential-pH (Pourbaix) diagram for the iron-water sys- 
tem at: 25 ^ (considering as solid substances only Fe, Fe^O^ and Fe2<>3), 
for ,10"^, ltt" 4 , 10~ 2 . and 1 molal concentrations of : iron in the solu- 
tion (after fourbaix [501]). The filled circle and triangle correspond to 
the pair of (E, pH) of RCA SCI and SC2 solutions, respectively (data 
from [477-480]) 

tions is solved to determine the equilibrium concentration of 
each iron phase for each pair of values (E, pH). Finally, the 
predominant phase is determined for each point of the dia- 
gram, and: the boundaries between areas of stability of differ- 
ent phases are drawn. Although these calculations are fairly 
simple for two or three phases, more complicated diagrams 
require use of computers. A number of programs were de- 
veloped and published in the 1970s [502-504]. Kern [462, ; 
463], who used a Pourbaix diagram in his 1 970 paper, was 
probably , the first to apply E-pH diagrams to understand the 
chemistry, of cleaning of silicon,wafers.?However, only in the 
beginning of the 1990s have these diagrams found wide appli- 
cation for the understanding and improvement of the cleaning 
techniques [477^79, 505,506]; 

The interpretation of the' Pourbaix diagrams is very sim- 
ple. If; a cleaning solution falls into the stability region of 
a solid phase for a given metal (for example, metal oxide), 
then any ions of that metal present in the cleaning solution 
can lower their free energy by forming the metal oxide de- 
positions. On the contrary, if the (E, pH) point of a cleaning 
solution lies in the region where the ionized form is stable, 
then n<v deposition will occur, and any metal present on the 
wafersiirface will be removed by dissolution [478]. A num- 
ber of authors [478-480, 507, 508} determined the reduction 
potential and pH of standard cleaning solutions and plotted 
thempn aPpurbaix diagram (RgJ 10). Hey showed that the 
position of SC 1; (T^GH/H2C>2)v de^ in the stability region 
of Fe£Q3; explains, why deposition of iron from contaminated 
SG I solutions occurs so readUy: Qn Ae cpnu^ty, SC2 gets 
intojithie; r^cm and cm be ; used 
• to ;remove:FeL contamination from the wafers. Thus» iron -will 
dis^lYe-irpm sffi^ 
in alkaline solution 

be. : fqund^ioff; cacart^le, ;in;[50i], shows that Cu: will deposit 



onto silicon even from adds,vunless the redox potential, of 
the solution is-raiskl; by addition of a strong oxidsuit, for exr 
ample; hydrogen peroxide or ozone [509-5 13}« In most cases 
. H2O2 and O3 = do not further enhance: the removal of iron, yet 
they^areimrxMtantfpr desorptipn of noble metals and are also 
effective in oxidation of organic contaminants, which.are de- 
composed to CQ2, H2O, etc. [507]. 

To ;undenitand the real-life physics and chemistry of 
cleaning, one should bear in mind that contamination of 
wafer surfaces in solution can occur as the result of several 
mechanisms, which include {482,484,508,514]: (i) electron 
chemical deposition (metal displacement); (ii) precipitation 
by the mechanisms of physisorption and chemisorption, and 
(iii) film inclusion. It is thought that metals such as Cu, Ag, 
and An, which exhibit higher electronegativity than Si and 
have a higher redox potential thanhydrogen in solutions, are 
adsorbed directly on the Si surface by taking electrons from 
Si by the mechanism of electrochemical deposition [515]. 
Metals that form hydroxides in. alkali solutions, such as Fe 
and Al, deposit by mechanism (ii), i.e., by the precipitation 
of metal hydroxides on the substrate surface. In mechanism 
(iii), metallic impurities close to the Si surface are included 
into the oxide as the Si surface is chemically oxidized. The 
latter mechanism becomes important in understanding of 
adsorption of metals to oxidized wafers, since silicon diox- 
ide: is a dielectric, and reduction reactions at its surface 
are improbable [484], Imaoka et al. [509] (see also [515]) 
speculated that the probability of a metal to be included 
in the oxide is determined by the difference in the en- 
thalpies, AH, of formation of metal oxides and silicon oxide. 
According to their model, the metals such as Al (AI2O3, 
AH = -1675kJ/mol), Cr (&2O3, AH = -1130kJ/mol), 
and Fe (Fe^O^ AH =—11 18 kJ/mol which can be more eas- 
ily oxidized than Si (SiCh, AH = -909kJ/mol), tend to get 
included in the S1O2 films, whereas the inclusion of Ni (NiO, 
AH == -^241 kJ/mol) or Cu (CuO* AH = -155 kJ/mol) in 
the growing oxide layer is much less probable. Shdmizu et 
al. [183,185, 186,474,475] reported that the incorporation 
of Fe into the silicon native oxide results in built-in negative 
charge in the oxide, which can be observed by using SPV (see 
also a discussion in [516]). They explained it by the forma- 
tion of (FeOSi)" after a substitution of the quadrivalent Si ion 
in silica by a trivalent iron atom. Similarly, Loewenstein et 
al. [517] and Rotondaro et al. [518] explained incorporation 
of metals into the growing oxide by an ion exchange mech- 
anism, in which the Si-OH groups on thehydrophilic surface 
act as weakly acidic ion exchangers: 

Si-OH -f M* + Si-OM (n *- 1)+ + H + . (11) 

The application of standard equilibrium expressions yields 
a relation between concentrations: 

C(outplated) = CQA + ) ( 2) 

: C(dissplved) • i C(H + ) \ ' ; } 

where AT is the equilibrium constanL Equation (12) also sug- 
gests that the metals will dissolve in acids and will precipitate 
in alkaline solutions. Dhanda et al. [519] observed that the 
: amount of iron deposited on the silicon surface exhibited a re- 
markably weak dependence on the^surface clean performed 
prior to Ferspiked SC 1 treatment. This imphes that the mech- 
anic of iron deposition. is independent.of the starting sur- 



face condition. They suggested that an initial rapid oxidation 
of the silicon wafer takes place first; followed by ^prefer- 
ential oxidation of the iron and its inclusion into the ; oxide 
film [519]. Rotondarpet al. [518] compared outplati^gof iron 
on bare silicon wafers and on those covered with thermal 
oxide and found that bare silicon wafers had two oirders of 
magnitudelower surface Fe contamination than the thermally 
oxidized wafers. Norga et al. [478] pointed put that the incor- 
poration of metals in the silicon oxide is facilitated by the fact 
that no nucleation step is required. 

Absorption of some metals was observed to have either 
synergetic or competitive effect (see, for example, [520- 
522]). Hayami et al. [523] found that the Al contamina- 
tion somewhat deteriorates the removal efficiency of Fe. 
Fabry [524] reported that, surprisingly, even a small increase 
of Na concentration by 3-5 ng/1 in the rinsing water en- 
hanced the adsorption of Fe on the native oxide of Si and 
doubled the surface contamination level of iron. The adsorp- 
tion of Ni or Cu onto Si wafers from SCI was found to be 
obstructed by Fe [487]. Although most of these effects can be 
explained by the electrochemical models, the examples above 
show that a complete model of the cleaning process should 
take into account a whole variety of possible contaminants, 
and a number of deposition mechanisms. 

The final comment that is in order in this section is that 
the efficiency of exchange of electrons between ions and sil- 
icon depends on the energy position of ion in the solution 
with respect to the Fermi level in silicon wafer. Hence, the 
deposition of some metals onto silicon would depend on its 
conductivity type. For example, p-Si should be less suscepti- 
ble to noble metal contamination due to its lower Fermi level 
position, which means that a higher energy is required to raise 
an electron from the Fermi level in silicon to the energy level 
of a metal ion dissolved in the solution [522, 525, 526]. How- 
ever, no distinct difference was found between the n-type and 
p-type Si in terms of the absorption of Fe and Ni [509]. 



5.3 Challenges of the cleaning technology 

Silicon cleaning technology, which has remained essentially 
unchanged since the middle of the 1960s, is barely adequate 
for today's advanced technology. The most broadly discussed 
challenges which cleaning technology has to face are: 

(a) Traditional RCA chemistry is not well suited for the 
cleaning of submicron trenches and contact holes since 
the liquid surface tension may hamper the penetration of 
liquid into the very fine features of device topography. 
Possible solutions are the addition of fluorocarbon or hy- 
drocarbon surfactants [527], or gas-phase cleanings (see 
discussion below). 

(b) Ultrapure RCA cleaning is expensive since a very compli- 
cated technology is employed to obtain high-purity chem- 
icals (see Hackett et al. [85] for a review). The efficiency 
of cleaning in any cleaning bath is determined by the bal- 
ance between the amount of metals on the surface of the 
wafers to .be cleaned and that in' the solution [361,482]. 
Jastrzebski et aL [528] presented an example of how the 
iron contamination : level of the wafers increases as the 
same etching solution is repeatedly used for cleaning of 

. wafers: They showed that the iron contamination level 
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ing of only weight batched 
use ultrapure pheitifc^ 
in order to niaiptain loW 
■ quirement results in the consumption of iargejyolumes of- 
expensive chdhicials akid pi 
mental impact of t^ 
: air flow m the w^ 

•from' getang^&^tjbe. cleaarootri: [^7];:'llie : bi^y>.viray^i» 
reduce the cost is tb develop alternative cleaning procedi 
ures, for example, those that use ^ dUute chemicals: 

(c) As insulating filnis used in ; gates and capacitors become 
thinner, the accuracy in controlling the etching rate mitst 
be increased from the current level of several ^ns of 
angstroms per min to several angstroms per min; or even 
10"" 1 A/min [529]. This requires extremely dttuted solu- 
tions, much weaker dian are used in standard RCA-type 
cleaning. Additionally, the growth of the native oxide durr 
ing DI water rinses results : in 'an: increase 

roughness [530, 531]; Thus, it is important to suppress 
native oxide growth on the silicon wafer surfaces during 
cleaning, which can only be done by decreasing concen- 
tration of dissolved oxygen in the water [530, 5313 or 
by the addition of trace concentrations of HF to the wa^ 
ter[532], ■ 

(d) Wet cleaning processes are generally incompatible with 
most cluster tool environments. As it was pointed out by 
Kitajima et al. [533], the cleanliness of the conventional 
cleanrooms cannot exceed the class 0-1-1 level becauseof 
the dust generated by people. This level is hardly -suitable 
for production of DRAM chips of 1 GB and beyond, and 
suggests the use of mini-environment fab systems with 
completely automated cleaning tools, isolated from the 
ambient, or cluster tools, which allow single-wafer pro- 
cessing during which wafers are transferred under vacuum 
between process modules and the risk of recontamination 
is reduced. 

(e) The microroughness of the cleaned wafer-surface der 
creases the breakdown voltage of MOS structures [30, 
513,529, 534-536], electron channel mobility in MOS- 
FETs [537]* and yield of high aspect-ratio contact 
holes [467,534]. Roughness is affected not only by the 
cleaning chemistry itself, but also by the metal con- 
tamination and particle density since both particles and 
surface metals may cause irregular etching of ; the sili- 
con surface [538]. Tardif et.aL [30] compared the surface 
roughness after about 10 different etchings and found 
Caro cleaning to be the best and SCI the worst Cleaning 
in a SCI solution may result in a haze on the surface of 
the wafer because SCI chemistry slightiy etches the sil-; 
icon surface [467, 5 13, 539-r541], If H2Q2 decomposes, 
it does not create the protective oxide on the silicon; suiv ; 

; face, and NH4OH attacks the bare silicon surface; causing 
microroti^mess {29 t 542], Mertens et al: [25] pointed out 
that the composition of SCI may change in the process of, 
cleaning due to the evaporation of NH3 and the dissocia- 

v tion of H2O2, which; is known to be greatly enhanced in 

■.: thepre^ceofFeorCu^T^ 
tration of .1 ppb decreases the lifetime of H2O2 tiy a factcwr 

: of 100 [465, 542, 543], from 19>.4 h at 80 °Cin <&m$o}u* 
jipn (metals < 0j2 ppb) to 1& 

v iof 1 ppb [542]- Helms et al- [544] suggested thiki^ Mr i : 
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Xfi^ the ; d^$CK:iafibn of hy- 
: drog^^pxM^^ 'i^n^nuipiiina- 

of 'the low pH of: S<^; which 
§^pgre?sse^ i the flow ^ (13) from the left-hand to 

the;i}j^ alJ {465, 542]; found, that the 

ipcrea^ etching is to a large ex- 

tent due to the; form^on of oxygen gas bubbles created by 
^e^4<^i^ 

suifa<^^ tte: SCI chemistry. From 

thsse results it caii 1^ ^ncludeid that the SC I bath requires 
ui^-^ari cheiiucals since it may cause irreversible rbugh- 
^ness of the wafer .surface: if Contaminated [25, 29, 543]. Be- 
sides enhancement of dissociation of H2Q2, noble metals can . 
increase &e :si^ace roughness by catalyzing the loc^ oxi- 
dation of silicon. Metals such as Au, Pt, Ag, or Cu, which 
feature higher electronegativity than Si, attract electrons from 
silicon (M + -he" M*\ where M stands for "Metal") and 
thus -facilitate local Si oxidation through the reaction Si + 
2H2O die oxi- 

dized areas is etched by HF rapidly, irregular etching occurs 
and consequently the surface is roughened [484, 510, 538]. 

5.4 Recent developments in the cleaning technology 

A significant amount of research has been done to improve 
the existing cleaning recipes and to find radically new clean- 
ing solutions. Important advances in the technical implemen- 
tation of the RCA cleaning method include closed system 
processing [460], centrifugal spray and fluid jet cleaning ma- 
chines [545], and megasonic (750^980 kHz) cleaning tech- 
niques [546-552]. ■ 

Diluted chemistries appear to be an interesting alterna- 
tive to RCA cleaning (see, for example, [278,553-557]) 
since they reduce the costs of chemicals, simplify their dis- 
posal arid reduce the rinse time and die amount of DI water 
used [553]> An interesting feature of dilute SC2 mixtures 
is that they inhibit particle deposition which is the major 
drawback of the -standard SC2 [278,470,518]. This is un- 
derstandable since high-pH (alkaline) solutions usually give 
low particle counts whereas low-pH (acidic) solutions do not. 
Very low concentrations of acids should behave, as far as par- 
ticles are concerned, in a manner that is essentially similar to 
pure: rinse.water [278]. Another problem is that dilution of 
SC2: deteriorates the; efficiency of removal of metals almost 
proportionally to the dilution ratio [30, 554]. On die other 
hand, Hurd et al. [470], D'Emic; et al. [554], and Mertens et 
ali [555} suggested that the cleaning capabilities t of the solu- 
tion with respect to iron can be improved even above the stan- 
dard.SC2: recipe if the peroxide is removed from the strongly 
dilutS^?.SC2. ;This ican be understood from the- Pourbaix di- 
agram for the stability of different iphases of iron (Fig. 10): 
if ^acidic solution is strongly diluted (Le^ ; its pH is in- 
creased from abbufcG^ 

added ^ tpiihcreaselthe.Tedpx potential, we can easily get into 
thejareaipf stability ;of ^03vAnttila et aL [278] suggested 
* a cleaning sequence composed of a SCI clean; to remove par- 
tid^if<^owed by^ 



fpund that to than a standard RCA 

cleaning, and^to removal only slightly 

degraded when, the dilution ratio of HC1 was changed from . 
1:10? t6: 1:10^., An advantage of . diluted acids "is: that they 
are usually very clean (since they consist raostiy of Dl war 
ter), and thusthe unintentional metal contamination from the 
chemicals is reduced. Itano et aL [473, 557] reported that the 
NH4OH content in SCI can. be decreased by a factor of 20 to 
NH4GH : H2O2 : H 2 0 0.05 : 1 : 5 with degradation of nei- 
ther particle removal efficiency nor surface smoothness. 

During the rinse steps where pH is close to 7, a slight 
accidental ^contamination :.(<C:1 ppb) can produce a heavy de- 
position of iron in the fonn of Fe(OH)3 or iron oxide. This 
phenomenon can be easily avoided by adding traces (0.01%) 
of HC1 or HNO3 in the DI water [82,494,495] to keep pH in 
the range 4-6. Theoretically, the decrease of the pH of water 
to5 should cause about 98% of the surface iron (II) hydroxide 
to dissociate [278], 

Ohmi et al, [507,548,558] suggested to substitute the 
conventional RCA cleaning with a new wet cleaning which 
consists of only five steps at. room temperature: ozonized 
Di water (to remove organics and part of the metals), 
HF/H202/H20/surfactant+megasonic (for removal of par- 
ticles and most of metals), ozonized DI water, diluted HF, and 
DI water-hmegasonic. They claim that this cleaning proced- 
ure reduces consumption of the DI water and chemicals by 20 
times. Furthermore, all cleaning steps are performed at room 
temperature; which greatly reduces the evaporation of water 
and chemicals, thus making it possible to accurately maintain 
chemical composition of the solutions [558]. Other alterna- 
tive cleaning methods discussed in the literature include: 



(a) the use of choline (trimethyl-2-hydroxyethyl ammonium 
hydroxide) solutions [460,559]. A mixture of choline 
with a surfactant, methanol and in some cases with H2O2, 
is similar to, or more efficient than SCI [463]. 

(b) chemical vapor etching (for example, HC1 vapors, or 
H + hfac (l,l,l,5^,5-hexafluoro-2,4-pentanedione)), which 

. is suitable for fine trench and contact holes with a high 
aspect-ratio and is capable of removing transition metals 
from the surface [486, 547,560-571]; 

(c) remote plasma cleanings in a gas mixtures of O2, HCl/Ar, 
and NFs/H^/Ar, or in H2, which are efficient for residual 
oxide etching and the removal of metals [572-574]; 

(d) UV-excited cleanings in the presence of chlorine gas (ef- 
fective for metals such as Fe or Al) or oxygen/ozone 
(effective for organics) [486, 564, 574-582]; . 

(e) annealings of wafers in HC1 ambient (pyrochemical clean- 
. ing) [583] (see also the section on chemical gettering, 

Sect 6.6 below); , 
(0 the use of ozonated water (ozone is a strong oxidant which 
. acts in wet chemistry similarly to H2O2 by increasing 
the redox potential of the mixture) [556,584-589]. The 
problemof ozone is its stability. The lifetime of ozone in 
cleaning solutions was. studied by Park et al. [588], who 
. reported the half-life time of about 80-90 min at room 
y. temperature and about7minat50 o C. 
; (g) the addition of chelating agents to the RCA chemistry 
:v-fo..pifcvent-.Ae-ibH7 ions: from coordinating with metal 
: ions and to suppress metal adsorption to the silicon sur- 
f. face [480, 590; 59 L]. ., 



(h) wafer; cleaning - and . drying : in a ; lbw7pressure> ambi- 
: \ent[592], - ^.v..v: .': . .-,r 

The advantages of the gas-phase and vaporrphase cleaiis 
a^e mainly the reduced "consumption of toxic 'the^niicak 
and the ease; of incorporation into the integr^ed processing 
systems [564, 593]. However^ a major stiortcominjg of the 
gas-phase cleans is the comparatively inefficient m^tal re- 
moval. Since most metal salts are much more soluble than 
volatile [461], it is much easier to dissolve them than to 
remove them by a gas cleaning. A common application of 
gas cleaning is the addition of Cl-containing species into 
the gate-oxidation ambient. The observed increase in gatie 
oxide breakdown yield is associated with removal of heavy 
metals. For example, the surface iron contamination levels 
were found to decrease by a factor of 4 after oxidation in 
a Cl-containing ambient as compared to oxidation in dry 
oxygen [25, 593]. 



6 Reducing the detrimental effect of iron on devices 
through gettering 

Gettering is the process whereby impurity concentrations are 
reduced in the device region of the wafer by localizing them 
in separate pre-defined regions of the substrate where they 
cannot affect the device performance [594, 595]. Figure 1 1 il- 
lustrates several possible locations of intentionally introduced 
gettering sites: at the back surface of the wafer (mechani- 
cal damage such as sandblasting (Fig. 11a), a layer of liquid 
aluminum (Fig. 1 lb), or gettering by phosphorus diffusion 
(Kg. 11c)), silicon-oxide precipitates in the bulk (internal get- 
tering, Fig. 1 Id), implahtation-induced damage in a few \xm 
below the wafer surface (Fig. lie), and gettering by Fermi 
level effect and ion pairing in heavily doped substrates of epi- 
wafers (Fig. 11 f). Despite the use of ultra-clean Si wafers, 
cleanroom technology, and hyper-pure chemicals, gettering 
procedures are necessary in device manufacturing to maintain 
high yields, especially in case of accidental contamination 
and/or process variations. In general, gettering can be con- 
sidered a three-step process [596]: The impurity must be (i) 
released from its original arid undesirable state to then (ii) 
diffuse through the crystal from the device region to the get- 
tering sites, and (iii) be captured at the gettering site. There 
are three general gettering categories defined by the gettering 
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Fig. Ill Schematics of different gettering techniques, illustrating the relative 
location of the top of the wafers, where devices are manufactured, and the 
gettering sites .The drawing is* not to scale; . "■. 



rpecha^m^(a) relax^on gete 
■■• ^<J(c) ; -pho^horasdii^s^ 
• : ,- ; -.;Iii*relaxatidn- gettering techniques, such: as .getteniig J6y i : ' l :&-> 
silicon-oxide precipitates (internal; gettenngX hetero^heptiS' -V * ^ 
precipitation sites aie<^^ 

from the device/surface; region; ^ 'The Igettering: prooess: re^'-P ; ! V 
quires an impurity supersatorato^ : : i.C 

during a cool down from higb^^ 

supersaturated impurity, will- quickly: precipitate regions ; : !.»■•:• 
of the siheon, wafer, whe^ 

tation sites are intentionally introduced;! ^ Onitte.cohtraiy,; in / 
the device/surface r^orts wthi relatively low nucleation site j - ! * f 
densities (where no praipitatiori ^ : 
^y), supersaturated impurities 

difference in precipitation rates creates a; dissolved impurity : 
concentration gradient, which in;tun>;ciauses:difftisiQn of su^ 
persaturated impurities away from the surface/device region 
and into the bulk towards the getteringisites, ."'>..; _--. f . 

Segregation gettering ^'---(Mvea : by.a.gi^ent : or!a'-:dis-; V 
continuity of the impurity solubility. The region of higher 
solubility acts: as a sink for impurities (from the lower solu- 
bility region. This is because? the ^ elekrtrochemical potential of 
a dissolved impurity, p,ocksT- x':ln(c/£^) r .for::the-'sajpe-dis^' : ^ 
solved concentration, c, is lower in the regions with: higher 
equilibrium solubility, c 0 . The difference in electrochemical 
potentials is the driving force for the gettering. The advam " 
tage of segregation gettering over relaxation gettering is that 
no supersaturation is required. Thus, in principle, low im- 
purity concentrations in the device region can be quickly 
achieved at elevated temperatures where the impuritieis dif- 
fuse quickly. The segregation effect can result from (a) a dif^ 
ference in phase, for example; between crystalline and; liquid 
silicon during crystal growth; (b) a difference in material, 
for example, between silicon and aluminum layer deposited 
on one of the wafer surfaces;. ;(c) difference in doping lev- : 
els in different areas of the wafer, which results in a get- 
tering effect due to the effect of Fermi level or formation 
of metal-acceptor pairs on solubility of metals (see, for ex^ 
ample, [597, 598]); or (d) strain which may in some cases 
increase or decrease the local solubility of metal impurities 
(see, for example, [171, 599])/, 

Phosphorus diffusion gettering is a unique gettering tech 7 : 
nique which enhances the diffusion of substitutional metals 
towards the gettering layer through the injection of sili- 
con self-interstitials. Additionally, the metals are trapped by-., 
a complex effect of phange of solubility of metals inHheav^ 
ily n-type doped region and their precipitation ax: extended . 
defects and precipitates formed: in- the diffused region^ It is. . 
particularly well suited :for : substimuonai,metals r whose get- 
tering is limited by diffusion; .; ;.«•- 

Segregation and relaxation gettering: mechanisms! can be « i : ; : 
distinguished by examining the equilibrium metal concentra- 
tion in the gettered region, after projooged. anneal, efficient 
to establish the equilibrium distribution of metals, and ia very ■; 
fast quenching of the samples to 'ireeze itf* this distribution. 
Segregation gettering -will decrease die! metal concentration ! ; ; i; T . ; ;i 
below its equilibrium splubility; at fe; annealing 
ture, wheneas reiaxiauoh gettering will; not Ota^ 
that since segreg^dngeterm \ -v! •;.'*:!£' 

takes placeat high tempemures^thep the; e^ 
gation geOjering wuidnQtdep^ 

ever, this is true only iif the segregation coefficient ido^not ^ ^:%sii:£; 



^:dejp^ thersegregatiod coefficient is . 

[a ftmptipn of tempefa&re, as it is theease with gettering of Fe 

wiUbeextremely 

; involved 
in ^et%ing arcivery ' -cjopipi^cj ;and . the . classification of the 
■ gettering techmques:^ rather lopselNot only it is 

sometimes ^ mechaiiisms, 
asifis showjam;^ 
iii;g techniques include elem^tstf 

regati^ instance, fettering by heavily doped 

substrates ^ indud^^g^gationrgiet^ring associated with en- 
hateement. of metal solubility in p^Tskibstrate aind relaxation 
g^tering by sificon^xidepreti^ 

ing by implantation creates damage which may provide pre- 
cipitation sitesfor Relaxation gettering, but may also, change 
ifelocal solubility of impuriti^by lo^ 
of the lattice and the local doping level. For this reason, the 
discussion below willffollow primarily gettering techniques 
rather than gettering mechanisms; It should , also be noted 
feat the authors did riot attempt to give a complete account 
of the present understanding of gettering mechanisms in this 
section.;Our : discussion. below will primarily be focused on 
data specifically ;associated with the gettering of iron. For 
a . detailed discussion of gettering techniques and their appli- 
cation to gettering of Au, Cu, Ni, etc^ readers are referred 
to our recent book chapter on gettering in silicon [600], that 
of McHugo et al. [601], and the review article of Myers et 
al-[602]; 

•■ Pro bably the most important parameter of any gettering 
technique is its optimum "processing window". For segrega- 
tion^ gettering, these are the temperatures where the impurity 
is mobile and the segregation effect is the strongest For re- 
laxation gettering, it is the range of temperatures where im- 
purities become supersaturated, but remain sufficiently mo- 
bile to diffuse to the gettering sinks and to precipitate there. 
Figure 12 presents a diagram of solubility of three common 
contaminants, titanium (a slow diffuser with low solubility), 
iron .{a fast diffuser with high solubility), and copper (die 
fastest diffuser in silicon with extremely high solubility), plot- 
ted against their diffusiyity. He avera ge diff usion lengths 
after 30 min anneal, calculated as d — */4Dt, which corres- 
pond to the diffusion coefficients, Z>, indicated at the bottom 
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of the grapb;;are presented at thie top of theplou.Weassuined 
here that 30 min is a maximum reasonable duration of aget- 
tering anneaL The dashed horizontal line corresponds to the: 
i^et b^ bo metals of iO 10 cm For 

Ti, this concentration corresponds to its equilibriuin solubil 
ity at ;785; 9 C; [i23]V The dififeiyity of Ti at this temperature 
is; 4.3 x lO* 1 ^ cm 2 /s, which^implii^s that Ti will diffuse only 
5:64ml (luring 30 min. For iron and copper the supersatu- 
ration at the. level of 10 10 cm" 3 will "be achieved, at about 
640 °C and ;27S°C, and they will diffuse during a 30-min 
anneal at diese temperatures about 400 and 2000 \xsn, respec- 
tively. Note that for copper we used the intrinsic diffusion 
coefficient [80] since the effective diffusion coefficient in p-Si 
depends on the doping level. Only copper can diffuse through 
the whole wafer thickness within 30 min at the temperature, 
where its supersaturation at flie level of 10 10 cm -3 is reached. 
For all other metals the distance between the device-active 
region and precipitation sites is of utmost importance for ef- 
fective relaxation gettering, since it is obvious that die slowly 
diffusing metals, such as Ti, will not be gettered by relaxation 
techniques down to the required levels unless the gettering 
sites are within a few \xm from die devices. This situation 
is very much different from that some. 10 years ago, when 
one had to getter metals at concentrations of 10 13 cm -3 , and 
their supersaturation (and hence, the efficient gettering) could 
be achieved at much higher temperatures, corresponding to 
higher diffusion coefficients. 

This clearly shows that backside damage gettering (Fig, 11 a) 
and aluminum gettering (Fig. lib), which require metals 
to diffuse through the whole wafer* are acceptable only if 
the whole wafer thickness is the device, as it is the case 
in photovoltaics. In integrated circuit technology, backside 
gettering techniques would be efficient only for the fast- 
diffusing metals. Gettering by oxide precipitates, formed in 
the bulk, decreases the diffusion distance for metals to about 
10r-20 iun (thickness of the denuded zone). This makes it 
feasible to getter iron, copper, and nickel below the critical 
concentrations by relaxation gettering alone, if the wafers 
are cooled down sufficiendy slowly down to temperatures as 
low as 300 °C [603]. However, gettering of slow-diffusing 
metals such as Ti remains problematic, unless the, cooling is 
extremely slow. -Gettering by implantation and heavily doped 
substrates brings gettering sites even closer to the devices 
(the average distance the impurities need to diffuse is on 
the order of 2-^5 \xm\ and utilizes segregation mechanism of 
gettering, which is efficient at high temperatures where im- 
purities are mobile. The techniques that form gettering sites 
in a very close vicinity of the devices are known as proxim- 
ity gettering^ techniques. Although the majority of research 
work reported in the literature in the last few years has been 
focused on proximity gettering, industry relies to an equal ex- 
tent on prospective new techniques and on long-established 
infernal and backside gettering. In the next section, we will 
briefly discuss the most widely used and discussed gettering 
techniques: : 



6 .1 lettering oj iron by silicon-oxide precipitates 

Kaiser [604] and later Mets [605] were, the first to estab- 
;lish ; :t3hat ; ;sili c^n^x^ precipitates are sinks for rnetal impurir 
. tiesv-Tan et aL [606] suggested a gettering model whichuses 



silicon-oxide precipitates as gettering sites; f Huff et al: [607] 
presented- a convincing correlation; between the amount of 
precipitated oxygen and DRAM refresh loss results*. Studies 
made by Gilles et al. [148,149,608]* Hieslmair et al; [154; 
290], and Aoki etal. [150-152]confirmed that silicon-oxide 
precipitates are sinks for iron and proved that internal getter- 
ing is a relaxation-type gettering. Oxygen is incorporated into 
the silicon crystal during Czochralski- type crystal growth pri- 
marily from the Si02 crucible in concentrations of about 10 17 
to 10 18 cm" 3 . This concentration exceeds the oxygen equi- 
librium solubility at temperatures used, for device processing 
and results in the precipitation of the supersaturated oxygen. 
Since the formation of silicon-oxide precipitates in the device 
region reduces device yield, much effort in the early days of 
the silicon era was concentrated on the engineering of oxygen 
precipitation. It was shown that it is possible to create a layer 
free of silicon-oxide precipitates near the surface/device re- 
gion (denuded zone (DZ)) and to precipitate supersaturated 
oxygen only in the bulk of the wafer. The DZ can be formed 
by heating the wafer to high temperatures in order to allow 
the oxygen in the near-surface region to diffuse out of the 
wafer. After this out-diffusion, the resulting oxygen concen- 
tration in the surface region is significantly lower than the 
bulk concentration. Thus, during a subsequent lower tempera- 
ture annealing, nucleation of silicon oxide takes place only in 
the bulk [606,609-611]. The nuclei then grow during subse- 
quent high-temperature anneals. 

The only step that is required to introduce internal 
gettering into the technological process is the nucleation 
and growth of silicon-oxide precipitates, which is usually 
achieved by a three-step annealing. If this treatment is 
done before actual manufacturing of devices, then no other 
gettering-specific technological steps are required; Gettering 
occurs each time when the wafer is cooled down at the end 
of high-temperature annealing steps. Since internal getter- 
ing requires that metals be supersaturated and mobile at the 
same time, the efficiency of gettering is strongly affected by 
the cooling profile, particularly in the low-temperature re- 
gion [603]. Additionally, the gettered iron is not stable at 
silicon-oxide precipitates and can be completely dissolved by 
re-heating the sample to sufficiently high temperatures [167, 
169,170,612]. Hence, the last cooling in the technological 
process is the most important for efficient internal gettering. 

Although internal gettering is widely used in silicon tech- 
nology, not all aspects of the physics of internal gettering are 
completely understood. For example, the nature of the getter- 
ing sites associated with silicon-oxide precipitates has been 
disputed for a long time; Not only can oxygen precipitate in 
different morphologies depending on its initial concentration 
in the wafer and growth regime, but silicon-oxide precipitates 
also produce structural defects such as punched-out dislo- 
cations and stacking faults during precipitate growth, which 
could serve as precipitation sites (see, for example, [613^ 
618]). Only recently has it become clear that each metal 
has different precipitation behavior and precipitates prefer- 
ably at different defects [619-624]. There are indications that 
iron [148, 149, 154, 172, 625] and nickel [626-628} precipe 
tate at silicon-oxide precipitates, themselves and possibly at 
stacking faults [629, 630].: On the other hand, copper and pal- 
ladium precipitate preferably at punched^ut dislocations and 
stacking faults [624 r 631]. This behavior has been; related to 
the crystallpgraphic structure of metal-silicides, where high 



sihconcdnt^siUdd 
632-634]) reheve^eompre^^ 
would be favorable in re^ons of :M 
such asnearsihcon^xide-^ 

been reported that strain fields of sUicon-oxide pr;epipit^k 
stabilize the Fp precipitates [171]; 

of iron by stress at the edges of local oxidation ^ of .silicon . 
(LOCOS) structures was reported by Ishigami et : -afc [635JJ In 
contrast, low-silipqn^ntent $^ 

see [5, 633, 634- 636]) requirethe emission of siBcon inter- : 
: stitials and the nucl<^on of ,^ 
inhibited near an silicon-oxide precipitate. These n^ 
cipitate at punched-out dislocations and; stacking faults :and* 
due to additional stresses; ica*ise= dislocations" to move and 
multiply,; creating additional; ^nucl^on sites ^637^. : Appar-; 
ently, silicon-oxide precipitates withlong stacking faults ^and 
punched-out dislocation networks would provide! ;gettering 
sinks for both highrsilicon-content and iow-silicon^x>ntent = 
metal precipitates. This was confirmed by device yield stud- 
ies [638, 639] and comparative analysis of gettering of differs ' 
ent metals [626], Takahashi et al. [640,641] studied the effect 
of size and density of sihcon-oxicie precipitates on thejnter- 
nal gettering . efficiency in CZ silicon and found that^ for the 
same amount of precipitated oxygen, the sample containing 
precipitates with larger size and lower density has stronger 
gettering efficiency than the sample containing precipitates 
with smaller size and higher density during cooling from 
the temperature of 1050 °C. They explained it by greater nri 
products in thecase of larger precipitates (n is the precipitate 
density, and ro is their radius, see [153] for details). A similar 
conclusion was made by Sadamitsu etal. [ 155], and Ogushi et 
al. [156], who varied the duration of the growth anneal of the 
precipitates and found that, for the same; density of the prer 
cipitates, larger precipitates were more effective as gettering 
sites. On the other hand, a sample with high.concentration.of 
smaller precipitates had stronger gettering efficiency during 
isothermal anneal at 190 °C [640], which can be understood 
from the low diffusivity of iron ar tfais temperature, and thus 
low probability of it being trapped if silicon-oxide precipi- 
tates are far apart. > ; 

There is no doubt that internal gettering, which is very 
easily incorporated into the production lines, will still play 
a role for the years to come, particularly with the^use ;of 
optimized cooling profiles; However, although internal get- 
tering may still be effective with the lower thermal budgets 
for fast-diffusing metals such as copper and nickel, there is 
a concern that slower diffusing metals such as iron may not be 
adequately gettered. Introduction of MCZ-grown ^vaifers with , 
lower oxygen concentration would furtter decrease the effect 
tiveness of intemalgetoring. ^ 

techniques attract increasingly high atteiition. ;^^^r^;'^^,;:>^'::i;^^;^ ^ < ! 
0.2 Backsurfdce darna 

Backside damage;; and polysilic^n backside gette uti-;;; ? 

lize getteringisites: introduced; at the : bapkside of ; tbe:;*wafer 

by ; mechanical damage of silicon (sandblasting; lapping, 

etc.) ;[605;64i, 643], by laser dan^e{644,;^^ 

tionof ajpolysiHcon 

6rby& 

X-ray top<^ 



' tbe^stiiufcc^^ 

,; ; ^tia^y^ofrjthi type: acid intensity bfjifce damage [654, 656J 
is 

m^h^msm^in general dt compare different types of damage, 
l4kewis€?^ ^the; physical model of bacfc^de damage gettering 
rem^ ^fttroversiaL Currently, there are three models for 
: bapkside gettering: ^ .(a) bapkside damage .gettering is relax- 
..aiuwgc*^ abundance 
of h^rpgejD»tts oucJeation sites for precipitation of super- 
^turat^vmetal impurities ,[^8,653;657-^];(b) backside 
geuering is^segregation s^^wg' in which metals are trapped 
at defects: (see, for example; discussion in Sumino [661 ]) by 
strain 6y<fe or enhanced solubility in the vicinity of struc- 
tural defects [156,599; 642, 4^^655,^r^fraiid(c) 
backside ^.treatments enhainces internal gettering [647, 649, 
665} via acceleration of growth of siliconroxide precipitates 
in the hulk by absorption of silicon self-interstitials in the 
damaged layer{666-6691.: 

The authors of this review believe that the actual getter^ 
ing mechanism combines jail three models to varying extents. 
Since the number of segregation trapping sites in the getter- 
ing layer is limited [670], the segregation mechanism would 
dominate at low impurity concentrations such as in device- 
yield studies. At: higher impurity concentrations^ such as in 
studies :With intentional contamination, desegregation getter- 
ing sites may become sanimed W &e relaxation gettering 
mechanism becomes dominant. 

Backside mechanical damage gettering may no longer 
be a viable gettering. technique since -. the damage introduces 
particulate contaminants further into the process line [671]. 
However, other badcside gettering techniques, such as getter- 
ing by poly sihcon layers, may remain usable as a gettering 
technique^ the future. : 



6 ? 3 Gettering by heavily doped substrates 

Thei p/p + structure, which consists of a moderately p-type 
doped epitaxial layer on a heavily p + -doped substrate, was 
initially utilized to help to prevent the "latch-up" problem in 
CMOS devices! [672]. Subsequent research revealed that the 
use of p/p 4 * wafers provides an additional benefit of getter- 
ing iron out of ihe epitaxial: layer and into the substrate. The 
enh^ped:s61ubility of iron in a heavily doped substrate [598] 
with; respect to a moderately doped epitaxial layer is the driv- 
ing force for p/pt segregation gettering [418,663^673-675]. 
Precipitation of nietals at silieon-pxide precipitates provides 
an additional relaxation gettering mechanism in the substrate. 
The Efficiency of jp/p"^ gettering is characterized by segre- 
g^dn; coefficient, which is defined as the ratio of the total 
equilibrium impurity (iron) concentration in the p region to 
that in t^ 

die pt-?layer can . be, iihder^ood; as ] follows. The total dis- 
: splved iron.concentration is given byia sum of concentrations 
<tf tl^ ^aratesj^ rironi-iFfcfJ-inter-l 
sfitial ipni^ paired with an acceptor 

5Uch^3>o^ partfpf our re- 

J^t :the:COT(^ n '--be; 



^egk^ted Sinc^: in>h^ neutral charge 

iate"(^il : ^ which is in 

actual Equilibrium with the bound^ phase FeSi 2 . If signifi- 
cant cohcentrations of iron are present as Fet or/FeB pairs, 
the total solubility of iron wfll increase over its solubihty iri 
intrinsic alicon. The amount of each iron species present de- 
pends on the equihbrium of the following sequence of defect 
reapti6ns;;= i - ' ■ <". ■ 

FeSi 2 <*Fe%^f^^F& / (14) 

The baiance'pf the; first reaction in (14) is given by [ 116] 

MFe?) » S(F&0 == 8.4 x 10 25 exp(-2.86eVA B 7'), cm" 3 , 

' " ; '..".:/"../. . (15) 

where iV(Fe?) is die concentration of neutral iron, and S(Fd) 
is the solubility of interstitial iron - We assumed here that the 
solubility of iron in intrinsic silicon, given in (15), corres- 
ponds primarily to its solubility in neutral change state. The 
balance of the second reaction in (14) is determined by 



tf(Fe+)/tf(Fe?) == - cx V (iE T -£ P )/k h T)\ 



(16) 



where E T is the energy level position of interstitial iron at 
the gettering temperature, and E F is the Fermi level position. 
Finally, the last reaction in (14) is determined by the mass- 
action law [36, 116, 676]: 



(17) 



AKFeB) 4xtf(B) - 

where £ B is the binding energy of the.FeB pairs, and N(B) 
and N(FeB) are concentrationsof boron and iron-boron pairs, 
respectively, A simple transfprmation enables one to obtain 
the following expression for tfaie total iron concentration: 

^(Fewua) = iV(Fe?> + N(Fef) + N(FeB) 

= 8.4 x 10 25 x exp(-2.86eV/* B T) 

: : X L l+ 2 < 



■exp 



( 



4xAT(B) 

1+ 5lTi^ exp 



<&))]- 



(18) 



Equation (18) can be used to predict the segregation coef- 
ficient of iron in the p+ substrate, provided the temperature 
dependence of the iron trap level arid the pairing constants of 
iron with boron are known The kinetics of gettering can be 
modeljed if the. effective diffusion coefficient of ionized iron in 
the presence of boron traps is available. Unfortunately, none 
of the required constants is known with an accuracy sufficient 
for accurate predictive modeling (see [1 16] for a detailed dis- 
cussion), A simple estimate using available constants shows 
that the Fermi level effect and ion pairing alone can; account 
for the segregation coefficient from 10"? to 10~ 6 . Dislocation 
formation at theepi-substrate interface [677-680] as well as 
relaxation gettering by silicon-oxide precipitates in the sub- 
strate [681-683] may enhance the gettering effeqt even fur- 

.,r Biere have: been numerous experimental and theoretical 
studies on the s6^ 



675, 684, 685]: The^ studies have either observed an increase; 
in theiron concentration in he&vOydoped regk>ns [418;686}; 
" or a decreased in the adjoining moderately doped silicon re-, 
gions [663, 673, 675, 684, 685]. Tobe et al ;[684] examined 
segregation of iron in a thin p + layer from ;p substrate to in^ 
crease the sensitivity of the method. Benton eral.[418], Stolk 
etaL [673], and Tobeetal: [684] found that at higher tempera-: 
tures (around 1000 °C) the segregation coefficient approaches 
unity (i.e. no segregation). Although it was not confirmed 
experimentally, all suggested models for temperature depen- : 
dency of the segregation coefficient assume that at lower tern-; 
peratures (500-600 °C) the segregation coefficient can reach 
10"?. Hie models of different authors disagree primarily in, 
the middle-temperature range, i.e., at temperatures, where the 
combination of relatively high diffiisivity of iron and already 
sufficiently high segregation coefficient makes gettering most 
efficient. This disagreement is associated mainly with the un- 
certainty in the position of iron level in the bandgap. As 
discussed in [116], the temperature dependence of : the iron 
trap level, E r (T), has been investigated by. Gilles et al. [598] 
and McHugo et al. [444] who both observed a strong decrease 
in the position of iron trap level measured with respect to 
the valence band at temperatures above 750 PC It was found 
that at 7> 1100°C,: the iron level position nearly merges 
with the valence band. There exist no data on the position 
of the iron trap level between room temperature and about 
750 °C, and different interpolations were suggested. The seg- 
regation coefficient of iron, calculated for the "proportional", 
"step-like" and "parabolic" models from [116] using (18), 
and segregation coefficients of iron as predicted by Benton 
et al. [418] and Tobe et al. [684] are plotted in Fig. 13. Note 
that the doping levels of the substrate and the epi-layer, used 
for experimental or theoretical assessment of the segregation 
coefficient, varied for different groups. Therefore, to present 
all these models on a single plot, we had to recalculate the 
experimental data points and results of modeling to a p/p + 
stnicture with the doping levels 10 l5 /K> 18 cm" 3 by using 
(18). The discrepancy in predicted segregation coefficient be- 
tween different models is the largest at about 800-K, where 
it reaches more than an order of magnitude. Obviously, the 
p/p + gettering of iron cannot be quantified until the accurate 
measurements in the temperature range from 400 to 800 °C 
(and particularly in the range from 700 K (427 °C) to 900 K 
(627 °C), where the difference between the models shown in: 
Fig. 13 is the largest) are carried out. 

Studies of the effect of p/p + gettering of iron on device 
yield indicate that this type of gettering can efficiently pro- 
tect against accidental iron contamination. In the study; by 
I Mertens et al. [25], the gate oxide yields were measured on 
j various CZ, FZ, and p/p + wafers witband without intentional 
| iron contamination: By a large: margin, p/p* structures had 
the best yields with (40% to 60%) and without (^ 95%) iron 
contamination! In contrast, FZ wafers, which also had very 
good yields in the absence of any iron contamination (95%), 
were found to be extremely sensitive to iron (0% yield in conr: 
taminated samples)! Similarly, studies by. Gregor et al. [687] 
and Cerofolini et al. [688] have shown increased device yield; 
when epi-wafers with heavily doped substrates were used: : . 

Whereas p/p + wafers are widely used: for various applies-, 
tions and are well studied from the point of view of fettering; 
veiy little is known about gettering of iron in n/n* wafers: 
Gilles et al. {598] have shown aysqlubiiity increaseiin ^ 




Temperature (K) , r: 

Fig. 13. The segregation coefficient as a function of temperature using three 
possible iron trap kvel dependencies acoc>rding : to ;[1 16} ^and 
McHugo et al, [445], Bentoft et aL {418J, and. Tobe, et 
points shown for McHugo are derived for silicon with Na ;== : 10 5 B/cm 
using their solubility measurements on silicon with a doping level of 
1.5x 10 19 B/cm 3 and equations in me text . ~ . 

materials. Thus, in principle, n/n^ ^ should getter -irorL 
other interesting question which needs yettobeimderstoodisr 
whether lattice strain at epi/substrateinterface [689, 690] af- : 
fects the kinetics of gettering or the segregation coefficient of 
iron, •-..■=■-. ^ 

6A Aluminum gettering . r 

Aluminum gettering uses a layer of Ak-Si eutectic .-on; -the 
backside surface of a silicon wafer as: a sink for impuri- 
ties. Although this mechanism is incompatible, with the IC 
industry (primarily due to. Al junction spik^ v 
tively high vapor pressure of At which can evaporate from 
the back surface and contaminate the front surface), it has 
found wide ^ application iir photovoltaics,: which utilizes, lata- 
minum metallization as a part of the technological propess.; 
It has been shown that Al gettering results in a:marke<l ^im- 
provement in material .properties, in polyorystalline::sihcon 
and in overall increase of solar cell efficiencies by ^ math ; 
as 0.5% to 1% [691-699]. Experiments vwrh Algett^ririgpf ; 
IC-grade singlenciystal silkon after inter^ 
gave similar results [697,698, 700r-704 Ir'v. x;\;-;-;-^ : 
Aluminum gettering >is accomplished by; depo^itiorf an^ 
subsequentheatitigof a-^ Y. : v- 
side of; a sihcon sutet^^ : 
gettering is the segregation of the ^ 
to the Al^i hquid laye;t Most 
Cu-and^;haveasolu^ 

over a wide temperature-^ $0%. 

er^^.conc«nti^ii : ofi^icon-m U^AK-Me^S^^^ ■ ; ; 

ubiliti$s in silicon are significa^y lower ^ = : j ::■ 

deci^ihg:.t^i^ 

of lQr$ to 10^? i$:expected^ 

riiy ar^ tempei^^ 
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^ layer 

:^c^ laricsstrain: Since 

tjtestnicn^ sig- 
^c^dy on the jype^ 656] 
^^uldv^ 

• i$; very difficult ;to ; cha^terize;the;backside damage gettering 
mechanism ingeneral or compare different types of damage. 
Likews^the physical model of backside damage? gettering 
remains: controversial. ^ : Cun^enUy, there are three models 
backside getterihg; . (a); backside damage gettering is xelaxr 
atipn gettering: since ^ b^kside; damage provides an abundance 
of heterogeneous nuri^ of super- 

saturated metal impurities [648, 653, 657-660]; (b) backside 
gettering is segregation gettering, in which metals are trapped 
at defects; (see, for: example, discussion in Sumino [661]) by 
strain^ fields or enhanced solubility in the vicinity of struc- 
tural <tefe^ and (c) 
backside, treatments enhances internal gettering [647,649, 
665] via acceleration of growth of silicon-oxide precipitates 
in the bulk by absorption of silicon self-interstitials in the 
damaged layer [666-669]. 

TCe authors of this review believe that the actual getter- 
ing mechanism combines all three: models to varying.extents. 
Since, the number of segregation trapping sites in the getter- 
ing layer is limited [670] , the segregation mechanism would 
dominate at low impurity concentrations such as in device- 
yield studies. At higher impurity concentrations, such as in 
studies with intentional contamination, the segregation getter- 
ing -sites may become saturated and the relaxation gettering 
mechanism becomes dominant. 

Backside mechanical damage gettering may no longer 
he a viable gettering technique since the damage introduces 
particulate contaminants further into the process line [671]. 
However, ptherbackside gettering techniques, such as getter- 
ing by polysilicon layers, may remain usable as a gettering 
technique in the future,; 



6,3 Gettering by heavily doped substrates 

The p/p+ structure, which consists of a moderately p-type 
doped epitaxial layer on a heavily pt -doped substrate, was 
initially utilized to help to prevent the "latch-up" problem in 
CMOS devices [672], Subsequent research revealed that the 
use of p/p - ^ wafers provides an additional benefit . of getter- 
ing iron out of the epitaxial layer and into the substrate. The 
enhanced solubility of iron in a heavily doped substrate [598] 
with respect to a moderately doped epitaxial layer is the driv- 
ing fprce for p/p+ segregation gettering [418, 663, 673-675]. 
Precipitation of metals at silicon-oxide precipitates provides 
an additional relaxation gettering mechanism in the substrate. 
The efficiency of p/p* gettering is characterized by segre^ 
gation coefficient, which is defined as the ratio of the total 
equilibrium impurity (iron) concentration in the p region to 
that in the pt region^ The effect: of segregation of iron in 
the ;p?rlayer can be understood as- follows. The total dis- 
splved irbrvWK^ittrati^^ 

of ,th^ interstitial iro&Fef , inter- 

stitial ionized irqiji Fe^^ 

?wcb in. the first pan ; of our re^ 
•vie$^ "be; 



neglected:. Since iron dissolves interstitially; in neutral charge 
state (see [1 16] for.the details), -Fe? is the species which.is in 
actual equihbrium with the boundary phase FeSij . If signify 
cant concentrations of iron are present as.Fet or FeB pahs, 
the total solubility of iron will increase over its solubility iii 
intrinsic silkon. ITie amount of each iron species present de^ 
peiids on the equilibrium of the following sequence of defect 
reactions: - : 



FeSi 2 Fe? Fe+ FeB : 



(14) ; 



Hie balance of the first reaction in (14) is.given by [1 16] 

#(Fe?) = S(Fe,) = 8.4 x l(^exp(--2.86eV/*Br), cm"" 3 , 

(15) 

where #(Fe?) is the concentration of neutral iron, and 5(Fe,*> 
is the solubility of interstitial iron. We assumed here that the 
solubility of iron in intrinsic silicon, given in (15), corres- 
ponds primarily to its solubility in neutral charge state. The 
balance of the second reaction in (14) is determined by 



AT(Fe+)/iV(Fef) = - exp^r - E F )/k B T) , 



(16) 



where Ej is the energy level position of interstitial iron at 
the gettering temperature, and 2s F is the Fermi level position. 
Finally, the last reaction in (14) is determined by the mass- 
action law [36, 116, 676] : 



exp(E B /k B T), 



(17) 



MFeB) _ 4 x N(B) 
N(Fe+) ~ 5 x 1022 

where Eb is the binding energy of the FeB pairs, and N(B) 
and N(FeB) are concentrations of boron and iron-boron pairs, 
respectively. A simple transformation enables one to obtain 
the following expression for the total iron concentration: 

MFetocai^MFe^ 

= 8.4 x 10 25 x exp(-2.86eV/jfc B T) 
Ei — Ep 



exp 



k B T 

, . 4xMB) 



) 

mi 



(18) 



Equation (18) can be used to predict the segregation coef- 
ficient of iron in the p + substrate, provided the temperature 
dependence of the iron trap level and the pairing constants of 
iron with boron are known. The .kinetics of gettering can be 
modeled if the effective diffusion coefficient of ionized iron in 
the presence of boron traps is available. Unfortunately, none 
of the required constants is known with an accuracy sufficient 
for accurate predictive modeling (see [1 16] for a detailed dis- 
cussion). A simple: estimate using available constants shows 
that; the Fermi level effect and ion pairing alone can account 
for the segregation coefficient from 10~ 3 to 10^ 6 . Dislocation 
formation at the epi-substrate interface [677-680] as well as 
relaxation gettering by silicon-oxide precipitates in the sub- 
strate [68 1-683]; may enhance the gettering effect even fur- 
• thet: '-; ;.■:,*• : ., / . .... . : , : ..... - • . 

There have: been numerous experimental' and theoretical 
studies; on the segr^ation cbefficient of iron [418,663, 673, 



675, 684, 685]. These stiidies have either observed an increase 
in the iron concentration in heavily doped regions [418,686], 
or a decrease in the adjoining moderately doped silicon re/ 
gions [663,673,675,684,685]. Tobe et al, [684] examined 
segregation of iron in a thin p + layer from p substrate to-iri- 
crease the sensitivity of the method. Benton et al. [418], Stolk 
et al. [673], andTobeet al. .[684] found that at higher tempera- 
tures (around 1000 °C) the segregation coefficient approaches 
unity (i.e. no segregation). Although it was not confirmed 
experimentally, all suggested models for temperature depen- 
dency of the segregation coefficient assume that at lower tem- 
peratures (500-600 °C) the segregation coefficient can reach 
10~ 6 . The models of different authbrs disagree primarily in 
the middle-temperature range, i.e., at temperatures, where the 
combination of relatively high diffusivity.of iron and already 
sufficiendy high segregation coefficient makes getteririg most 
efficient. This disagreement is associated mainly with the un- 
certainty in the position of iron level in the bandgap. As 
discussed in [116], the temperature dependence of the iron 
trap level, Ei(T), has been investigated by Gilles et al. [598] 
and McHugo et al. [444] who both observed a strong decrease . 
in the position of iron trap level measured with respect to 
the valence band at temperatures above 750 °G. It was found 
that at T> 1100°C, the iron level position nearly merges 
with the valence band. There exist no data on the position 
of the iron trap level between room temperature and about 
750 °C, and different interpolations were suggested. The seg- 
regation coefficient of iron, calculated for the "proportional", 
"ster>-like", and "parabolic" models from [1 16] , using (18), 
and segregation coefficients of iron as predicted by Benton 
et aL [418] and Tobe et al. [684] are plotted in Fig. 13. Note 
that the doping levels of the substrate and the epi-layer, used 
for experimental or theoretical assessment of the segregation 
coefficient, varied for different groups; Therefore, to present 
all these models on a single plot, we had to recalculate the 
experimental data points and results of modeling to a p/p + 
structure with the doping levels 10 I5 /10 18 cm" 3 by using 
( 1 8). The discrepancy in predicted segregation coefficient be- 
tween different models is the largest at about 800 K, where 
it reaches more than an order of. magnitude. Obviously, the 
p/p + gettering of iron cannot be quantified until the accurate 
measurements in the temperature range from 400 to 800 °C 
(and particularly in the range from 700 K (427 °C) to 900 K 
(627 °C), where the difference between the models shown in 
Fig. 13 is the largest) are carried out. 

Studies of the effect of p/p + gettering of iron on device 
yield indicate that this type of gettering can efficiently pro- 
tect against accidental iron contamination. In the study , by 
Mertens et al. [25], the gate oxide yields were measured on. 
various CZ, FZ, and p/p + wafers with and without intentional 
iron contamination. By a large margin, p/p + structures had 
the best yields with (40% to 60%) and without (^ 95%) iron 
contamination. In contrast, FZ wafers, which also had very 
good yields in the absence of any iron contamination (95%), 
were found to be extremely sensitive to iron (0% yield iacon- 
taminated samples). Similarly,: studies hyGregoret al. [687] 
and Cerofolini et al: [688] have shown increased device yield 
when epi- wafers with heavily doped substrates were used. 

Whereas p/p + wafers are widely used for various applica- 
tions and are well studied from the point of view of gettering, 
very: little is known about gettering of. iron in n/nt wafers.- 
Gilles et all [598] 'have shown a solubility increase in. nt 
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Fig. 13. The segregation coefficient as a function: of temperature Using three 
possible iron trap level dependencies according to [1 1 6\ : and data from 
McHugo et aL [445], Benton et al. [418], and Tobe et .al. [6^]/ Jhe, ^ 
points shown for McHugo. are derived for silicon with Na= 10* 8 B/cm 3 
using their solubility measurements on silicon with a doping level of 
1.5 x 10 19 B/cra 3 and equations in the text ' : 



materials. Thus, in principle, n/nt should getter iron. An^ 
other interesting question which needs yet to be understood is 
whether lattice strain at epi/substrate interface [689, 690] af- 
fects the kinetics of gettering or the: segregation coefficient of 
iron. ..• • . . // ' : -. 

6 A Aluminum gettering 

Alurninum gettering uses a layer of Al-Si eutectic on the 
backside surface of a silicon wafer as a sink for impuri- 
ties. Although this mechanism is incompatible with the IC 
industry (primarily due to Al junction spiking and the rela- 
lively high vapor pressure of .Al. which can evaporate finom 
the back surface and contaminate the front surface)^ it: has 
found wide application in photovoltaics, which utilizes alu-: 
minum metallization as a part of the technological process. 
It has been shown that Al getteripg results in^ 
provement in material properties in polycry^stlline silicon 
and in overall increase of solar cell efficiencies by; as much 
as 0.5% to 1% {691-699]: ^ Experimerus widi Al gettering pf 
IC-grade single-crystal silicon after intentional contamination 
gave similar results [697,698,:700-704]. , ; 

Aluminum guttering is accomplished by deposition and 
subsequent heating of %thin AI6r2% Si-Al film, on thebackr; 
side of a silicon, substrate; Tlie::primary.m 
gettering is the segregation of the impurities fro 
to the Afc-Siliquid layer. Most metal impurities; indudingFe;. 
Go, and Ni, have a solubility of I ^ulO ^miGiP^c^rin Mj 
over a wide temperature range [705:, 706]; even with a mod* 
erate concentration of silicon in the : AL; Metal :impunty;sol-': 
ubilities in silicon: . are significantly : lower ;and ; 
decreasing teim^rure^ l^erefore^ a segregation coefficient 
of lOH.to 10^ is expected; fepen^ 
; riry and: temperature;; Furthermore, the annealing of Al forms 



^M-^ electrons 
fv : :^4 : !:ay^ surface of silicon^ ^ 
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: ; : ba\fe Beep m^ for Co in silicon ami 

-V Hi^lmair et ^ [700] for Fe - in silicon: Apel et al. [709] 
rfouitd 10^ as a lower bound "for the segregation coefficient 
ipf Go betweensilicbh and an Al layer at 820 ?C. Hieslmaire* 
•aLI7^ of IOt 5 -10^ forFe 

between sihcoh and an Al layer at temperatures from 750 tb 
950 °C. Joshi et al. [698] estimated the segregation coefficient 
forironin siU<x>n/aluminumtotepf the orderof 10^ 4 . 



Phosphorus iindiffusion gettering can be accomplished using 
the carriergas POCb, PBr 3 [710,71 1], P 2 0 5 [628,712-714], 
or a spin-on soiuce [596,712]. A phosphosilicate glass can 
form on the silicon surface when an oxidizing atmosphere 
is present doping source for 
phosphorus in-diffi gettering effect 

was confirmed by a number of researches ova: the last 30 
yean; [597, 628, 710-730]. One should note, however, that 
most studies of phosphorus-diffusion gettering were done for 
gold, platinum, and palladium, whereas only limited data are 
available for the gettering of iron. 

A layer heavily doped with phosphorus provides a number 
of potential mechanisms for t gettering: solubility enhance- 
meni by Ferau level effects, by increase of the substitutional 
fraction of metals, and by ion pairing; gettering to disloca- 
tions and SiP particles generated by phosphorus diffusion, 
and silicon self-interstitial injection-assisted gettering [628, 
723,725,731], The Fermi level effect and ion pairing are 
expected to be active during phosphorus in-diffusion be- 
cause, solubility enhancements of gold and iron have been 
observed for heavily P- and As-doped wafers [597^598,719, 
720] ..where dislocation formation and setf-interstitial injec-r 
tion do not occur. The Fermi level effect [732-735] increases 
the solubility of positively or negatively charged impurities 
in ,pt'& or nt+ substrates, respectively, without changing the 
solubility of neutral impurities; thus the total impurity sol-. 
ubility (neutt^ phis charged) is increased. Dislocation for- 
mation can augment the gettering process via precipitation 
of the impurities (relaxation gettering) [679, 7 10; 7 1 8, 736, 
737]. However; gettering by dislocations cannot fully ex- 
plain the obsen^ed effect sinee^^ enhancement has 
also ^ 

and, morro^ no precipitation 

; of the ^ impurities at t^ dislocations [710, 718, 721 J. Self- 
interstitial injection occurs during phosphorus in-diffusions 
as hasj>een<*served by extrinsic stacking^fault growth [739], 
dislocation climb [740,741], ^ ^>itaxtal re-growth of silicon at 
ttefpl^plmsilicat^ 

oxide precipitate dissolution [742J: and: vacancy defect: (D-v 
defect) ^ 

c^enhanpe the diffusion of some metal impurity species; 
foe example, Au and Pt, via the kick-out mechanism [744], 

^y;.tocreas^;t^ 



sub-OTtical; radius in the gettered region [745] .Schroter and 
coworkers [628,723, 725, 727, 729, 730] provided a theorem 
ical model that sugge^ that phosphorus in-diffusion pro^ 
. . duces: a flux ^ of;5elf-interstitials towards the phosphosilicate 
glass (P$G)/silicon interface. This flux is speculated to in- 
crease the diffi^ metaLimpurities and 
to enhance their concentration in the phosphorus-doped layer 
above their sblubiHty, thus driving precipitation of the impu- 
rities. Cerofplini, Polignano, et aL [688, 745] reported that the 
getteringby phosphorus diffusion is much more efficient than 
gettering by diffusion of other n-type dopants such as arsenic 
and antimony, which can be interpreted as an indication that 
formation of n + -doping layer is only one of the components 
of phosphorous gettering. This conclusion is also supported 
by the ; observation that gettering is much more efficient dur- 
ing P-diffusion compared to anneals at the same temperature 
o^er P-diffusiori. 

Some further benefitsare realized when phosphorous get- 
tering is combined with anodier gettering technique. A com- 
bination of phosphorous and aluminum gettering has been 
shown to greatly improve the gettering efficiency, suggesting 
a synergistic effect of these two gettering techniques [699, 
746r-748]. Phosphorous gettering has also been successfully 
combined with HC1 gettering. This is accomplished by adding 
trichloroacetic acid into the phosphorous annealing gas. Im- 
provements have been realized for solar cells [697, 746, 748- 
753] and CMOS integrated-circuit devices [642,687,699, 
712, 728, 754-757]. For polycrystalline silicon solar cells, 
the response of the material to the phosphorous gettering 
treatment depends on the concentration of structural de- 
fects [697, 752] as well as oxygen and carbon concentra- 
tions [697,748,751]. 



6.6 Chemical gettering 

Chemical gettering consists of a high-temperature oxida- 
tion anneal (usually between 1000 °C and 1100°C) in 
dry oxygen with small amounts (usually less than 1%) 
of chlorine-bearing species (Cl 2 , HG£ C 2 H 3 C1 3 (known 
as 1,1,1-trichloroethane, or TGA), C 2 H 2 a 2 (known as 
trans-l,2-dicMoroethylene, or DCE), or C2CI2O2 (known as 
oxacyl-chloride, or OG) [758,759]). The gettering effect is 
due to the removal of metals from the surface of the wafers 
through the formation of volatile chloride compounds. Ad- 
ditionally, the chlorine present in the gas phase reacts with 
the transition or alkali metals, diffusing through the walls 
of the quartz furnace tube before they can reach and diffuse 
into the silicon wafers being oxidized. Chlorine incorpo- 
rated into the oxide also has a passivating effect against 
sodium drift {760-762]. Oxidationin the presence of chlorine 
species was shown to decrease the density of surface states 
at the Si/SiCb interface [763] and to improve breakdown 
characteristics of MOS capacitors [764]. However, the chem- 
ical gettering could only moderately decrease the total bulk 
concentration of metals.and improve the minority ,^ 
time [753, 765;766J.. Hus : was: understood after experiments 
of Baginslri et aL [767], Ohsawa et al. [133},: and Honda et 
?L [3]* who studied ;the effect of ^ chemical gettering on inten- 
tionally <^ntaminate^ that Cu could be 
easily geatered from the v^eis by; the a^ JlClto the 
oxidising a^b^^ whereas A^ Fe; and Gr .were not affected, j 
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Recent investigations by Mertenset aL [188,758,759,768] 
showed that CI2 (which is formed through the ruction of the 
above mentioned Cl-containing gases with oxygen in the fur- 
nace ambient) is the active species ;in Cl-gettering and that: 
other components such as HC1 interact very little^ if not at all, 
with. the wafer [758]. They also showed that iron can be re- 
moved from the wafer only if it is trapped at the; top of the 
surface oxide layer, which can be easily grown by introduc- 
ing O2 into the ambient during ramp up [188]. This agrees 
with; the earlier report by Katz et al. [447], who found that 
HC1 gettering can remove Fe and Gr only if these metals, are 
located in the oxide, but not if they are in the substrate.: Stud* 
ies of Mertens et al. (Mertens, 1994;#1499; Mertens, 1997 
#886) confirmed that Cl-gettering could not reduce signifi- 
cantly the Fe bulk concentrations. It is interesting to note that 
Green et al. [769], who also found that Fe and Au were not 
gettered by HC1 at 1000 °C, reported that the average bulk 
concentration of Fe and Au could be reduced by a factor 
of 5 by a 30-min anneal at higher temperatures (1275 °C); 
however, such a high-temperature treatment required use of 
a different gas mixture, HC1 -h SiH4 4- H2 instead of HC1 H- O2. 
The removal rate was found to be much slower than would 
be expected from bulk-diffusion, rate-limited transport; thus, 
surface processes appear to be rate-limiting [769].. 

6.7 Gettering by implantation 

The major factor that determines kinetics of gettering is the 
distance that metals have to diffuse from the devices to the 
gettering region. This is the reason why proximity getter- 
ing techniques have attracted much attention in the past few 
years. These techniques form gettering sites just a few \xm 
away from the devices and allow low-temperature-budget 
gettering. One of the proximity techniques is gettering by 
ion implantation, . started by the pioneering work of Buck et 
al. [770], In this technique, the impurities are gettered by the 
implanted atoms and/pr the implantation damage. 

Metal, impurities, are gettered to implanted regions by 
either, a relaxation- or segregation-type mechanism. Relax- 
ation occurs either; at implantation-induced damage or at 
clusters/precipitates of the implanted species. Segregation 
can occur to. a separate phase formed by a high dose implant, 
or via the Fermi level effect or metal ion pairing with the 
implant species, for example, boron, arsenic or phosphorus 
implants, or via chemisorption to internal surfaces of cavi- 
ties formed by implantation with helium or hydrogen. Metal 
impurities, such as Cu, Fe, Au, Cr, Ni, and Pt, have been suc- 
cessfully gettered to implant regions.. Although most metals 
are gettered in the area where most of implantation damage 
is introduced (at projected ion range), gettering by defects at 
approximately half of the projected range [77 1 -777] and be- 
yond the projected range [778] was observed. The nature of 
the defects at R — Rp/2 and R > R p (complexes of vacancies 
versus complexes of interstitials) remains controversial since 
they cannot be directly observed by JEM. : 

Gettering has been observed after implantation with silr 
icon [722,770,771,779-783], phospbonis [722,737], car- 
bon [418,784^789]; oxygen {779,789-795], helium [789, 
796-807], argon : [766, 779, 808-^8 1 3], neon [8 1 1, 8 14]v krypr 
ton [808]/xenQn [779,808], hydrogen [780,781, 815,816] T 
boron; (418, 673;806, 808^ [817, 818], ^or^ 

ine :[810], aluminum, and chromium. (£19]j;The^ 



^msusuafly^^ 
tipn of the; ne^surj^; 
5Qke^ t 0 ^^^^ 
lO^atom^ 

from the; other implant ty^; m 
Hum bubbles) ;ih silicon rathfe^ 
such ;^ defiectplui^^ 
ception squ^unq^ 
a buried oxideJayerwhii& 
diation Iwdn^ and the 

implantation jprpc^s is known as se|«ratiph by implantation 

of oxygen (SIMOX). Impurities such as cop^ 

and iron can,be gettered into^ 

oxide/silicon interfaces [79j],;-or itti^ 

cated deeper than the oxide layer [792^794] , : - V / 

Implantation to 
taxation gettering 'sites- at --"^^^l^i^tfe* -;of ^^jp ^tb : ; : S^^tiri' 1 - from "- 
the surface, the ratio; dependent on 

the nature of the implant, implantation dosej and mprgy of 
the implant For instance, Myers; et al. [806] and Raineri ^t 
aL [8071 observed chemisorption of iron £t internal walls of 
cavities formed by helium implantation, and predicted that 
segregation gettering, at initial iron concentrations below the 
threshold for silicide formation, will reduce the: dissolved- 
iron concentration by at least two orders of -magnitude [8Q6J. 
Saturation of the segregation effect was observed when the 
wall coverage of the cavitiesSyi th ^ irottr^ched apprcacimaJtelY 
0.01 of a monolayer [806]. Implantation of boron creates : ^n 
internal p + -layer, which getters predominantly by segrega^ 
tion, similarly to heavily doped substrates,: and was shown to 
be very effective (418]. In contrast/ Kononc^^ 
suggested that gettering of iron; by defects: u^upediby dai- 
plantation of silicon exhibits a relaxation-type behavior and is 
limited by diffusion from the bu!k.:However, a more detailed 
study of Koveshnikov et aL [772] shjowed -that one shduild 
distinguish gettering by defects at: ipn-proje^ 
Sirimplanted silicon, which occurs predominantly by relaxr 
ation mechanism, and gettering by defects }m\R$j$L range; 
which is of the segregation type; Similar! 
iron to carbon-implantation-indue«d defects : ; v^ fom 
be segregation-type [795]. different implants were shown 
vary significantly in terms of the efficiency of iroji gettering. 
Benton et al. [418, 686] showed that boron implants /getter 
more Fethfosili<^n;impla^ 

between boron and silicon in terms of Fe gettering effeoiy^ 

ness. Skorupa et aL [793] qb^rved more ^ 

of Fe and Cu by carbon implantation than He implantation* 

induced cavities or SIMOX-relatedda^ 

in Skompa's worfc,? Ee was pbsen^to be g^ 

carbon implantation, in contradiction to woricbttfelgetcer^ 

to cavities [801, ^ 

on iinplantatipn gettering of lfe ^ 

that carbon and oxygen iniplantation getteriag is ai^ve at im^ ! 
plant doses below 6: xil 0 atoms/cm£ but Hfeimp^tation is : : •: 
not-JJoweverv:^ 
Reimplantation igett^ 
carbon or oxy^n^ 

plantation requires an order of magnitode higl^ 

Ax,-KiyorXemx>Hi^ 

^.•>;top|ajiuit^ 

that; the efilide^^ 



i 10^ im^ ; is pQ^ibleijbyrMeV self-implantation withrthe:flu- 
ence; in;^e ranges dose 
(about ; l OJ^cm^Xis required for effective gettering 
MeV; ; ^rpii implantktion- [686]. McHugo et al. [820] demon- 
stiate&that He implantation-induced cavities dominate as get-, 
ite^g: sites tt b^ 

present in the sample: , >:-;■-:: :■. -; 

.: ^ :.pDifficulties that can arise from gettering by. ion implan- 
tation include an increase in native point-defect concen- 
trations, i.e., vacancies and setfVinterstitials, which can en- 
hance: dopant diffusion, and binder shallow-junction forma- 
tion [821 ]^ Another drawback to implantation gettering is the 
required high implant doses, which correspond to undesirably 
long implantation times. 

6u8 ' Predictive modeling of gettering 

Since process-yield experiments haye become prohibitively 
expensive, computer simulations of defect reactions in sili- 
con, and gettering in particular, is becoming an invaluable 
cool for process development and yield optimization. Simu- 
lations of the gettering process are achieved within a finite- 
differences diffusion algorithm (see for example [822-825]) 
by including equations that describe precipitation and/or seg- 
regation of impurities in the gettering region. Diffusion of 
impurities toward gettering region is described by Fick's dif- 
fusion equation; Most approaches [153,290,663, 826, 827] to 
modeling precipitation in relaxation gettering are based on 
Ham-s fixed radius solution [289] for impurity precipitation. 
Ham's fixed radius solution expresses the precipitation of 
a supersaturated dissolved impurity as an exponential decay 
with a time constant, r — 1 /AnDnr^ where D is the diffusiv- 
ity, 7i is the numberof precipitation sites, and ro is the radius* 
of the sites. In a finite-differences simulation, the time con- 
stant in Ham's equation can be varied appropriately after each 
time step, At. In this manner, Ham's fixed radius solution can 
be used to simulate growing radius precipitation kinetics, ef- 
fective diffusivity, changing temperature, and even a variable 
precipitate site density [153,290]. Thus, experimental data 
can be fitted and quantified [154 J, 

: ; Equations for modeling segregation were suggested by 
Tan et al. [826, 828], who treated segregation as a result of 
a gradient in the chemical potential. This approach has a dis- 
advantage that abrupt interfaces must be approximated by 
using a number of very closely spaced nodes. Antoniadis et 
aL [829] proposed a simpler approach which essentially ma- 
nipulates the impurity concentration gradient (a kinetic phe- 
nomena) in order to. simulate segregation (a thermodynamic 
phenomena). Recently, Tan et al. [830] developed a unified 
treatment of diffusion in chemical potentials and temperature 
gradients. Hiese approaches were used in recently developed 
gettering simulators [2^, 603, 827, 831, 832]. 

- The major difficulty with predictive gettering simulations 
is : , inaccurately obtainthe material parameters such as the 
density and size of nujcleatidn site$ in relaxation gettering 
techniques, the segregation Coefficients of metals in heavily 
dopedisubstrates as auction of temperature, the relative 
contribution of segregation and;relaxation gettering mechan- 
ism in each technique, the binding and dissociation energies 
afjpetai T accep&^^ 
fusiyityaFbriex^^ 



diffusiohcoefficiehts^ which take into account the interactiori 
of diffusing metal ions with:other impurities in thclattice, 
such as shallow dopants [80, 733], and the concentration of 
: intrinsic point-defects [833, 834]. In fact, although.it is clear 
that the equilibrium concentration of intrinsic point-defects 
plays- an important roles in : the simulations of gettering of 
metals.{747, 835, 836], oxygen precipitation [837], and phos- 
phorous gettering [727, 729^747, 833, 838], their concentra- 
tions in dependence on temperature and surface conditions of 
the wafer are still controversial [837]. Consequently, the de- 
termination of the material parameters will become the main 
target of quantitative studies of gettering in the near future. 
Additionally, the existing simple models need to be further 
developed to take into account the complex gettering behav- 
iors of different transition metals and interaction between 
various defects. 



7 Summary 

Semiconductor-grade silicon is the purest raw material pro- 
duced on an industrial scale, more than 12 000 tons/year 
worldwide [839], Iron has always been considered the major 
contaminant in silicon, partly due to its ubiquity and detri- 
mental electrical activity, and partly because it could be de- 
tected by almost all measurement methods. Iron could there- 
fore be readily identified as a culprit of the yield degradation. 
The required purity of silicon with respect to iron is astonish- 
ing. It is easy to calculate that the critical contamination level 
of approximately 10 11 cm" 3 is reached by dissolving of only 
10 mg of iron in the whole yearly world production of silicon. 
This high level of purity became possible only after years of 
research, which resulted in a fairly good understanding of the 
predominant reaction paths of iron in silicon, and the devel- 
opment of technological procedures to reduce contamination 
levels of iron to the low level of 10 10 to 10 1 1 cm' 3 . Some as- 
pects of this state-of-the-art technology have been discussed 
in this review. Extrapolation of the trend of the increasing sil- 
icon purity for the next 10 to 15 years predicts a decrease of 
iron concentration by another two orders of magnitude, i.e., 
below the sensitivity limit of all modern analytical tools. It 
is not surprising that the question whether one should follow 
this trend or should rather learn how to tolerate the presence 
of some (low) concentrations of iron is being discussed more 
and more intensively. This discussion is strongly stimulated 
by the decreasing prices on the market for integrated circuits 
and by the increasingly high costs of ultra-pure technology 
and super-sensitive measurement tools. However, the physics 
of low iron contamination levels is not satisfactorily studied. 
The problem is that the predominant reaction paths of iron 
present in very low concentrations (10 l 1 cm*" 3 and below) in 
the lattice may be different from intentional Fe contamination 
;in the range of 10 14 -10 15 cm" 3 . At these low.concentrations, 
iron will not become supersaturated at temperatures where 
it remains mobile, and precipitation of iron is hardly pos- 
sible (although little is known about the formation of small 
dustere of iron, such as- those consisting of 2 to 4 atoms, 
see {1 16]). Therefore, the behavior of iron may be determined 
by: (kher defect reactions, which could play a secondary role 
.for high I contamination levels, and were neglected in the past, 
such as formation of complexes of iron with the lattice de- 
feetsother thaa boron. Furthermore, the segregation effects 



in p + substrates, in silicon dioxide or at Si/SiOo interface, in 
the source/drain wells, or in strain fields of the devices will 
not saturate during gettering, unlike the case with high in- 
tentional contamination levels. Since the segregation of iron, 
particularly at relatively low temperatures (below 800 °C), is 
still poorly investigated,this area can be expected to become 
a field of intensive research in the near future. Similarly, the 
physics of the breakdown of thin gate oxides (both, SiC>2 and 
high-Jfc dielectrics) in the presence of metal contaminants may 
receive increased attention. The questions that need to be an- 
swered are what is the mechanism of degradation of devices 
(particularly gate oxides with thickness below 8 nm) by low 
concentrations of iron, and how this damaging effect can be 
prevented. , 

Low concentrations of iron imply a new physics of con- 
tamination. For instance, the standard mechanism of iron in- 
diffusion with formation of iron silicide iat the near-surface 
layer may become inapplicable to surface contamination of 
10 9 -10 11 cm" 2 simply because there is not enough iron to 
form a silicide. However, the segregation effect of iron to the 
surface may become noticeable, if not dominant. An inter- 
esting illustration of this effect was reported by Nauka and 
Gomez [840], who reported that DLTS-measured Fe, : concen- 
trations were twice as large as those measured by SPV on the 
same samples. When the Fe,* concentration exceeded approxi- 
matelyS x 10 n cm" 2 , results obtained by both measurements 
matched. Additionally, it was shown that the depth profiles 
measured by DLTS indicated that for low iron contamination 
levels, concentrations of iron in the near-surface region (first 
10 \im) substantially exceeded those in the bulk [840,841]. 
It was explained by a competitive processes of out-diffusion 
of Fe from the bulk towards the surface, and indiffusion of 
Fe from the surface into the bulk, mediated by the Si ox- 
idation [841]. Furthermore, at low iron concentrations one 
may expect to observe effects of native point-defects, oxygen, 
and carbon on defect reaction of iron. These reactions take 
place at any iron concentrations, but are usually masked by 
agglomeration/complexing reactions caused by high super- 
saturation of iron. Hence, the differences between CZ, MCZ, 
and FZ-grown silicon, as well as between different areas of 
CZ wafers (inside/outside of the stacking fault ring) may be- 
come visible, and can be studied. 

The sets of analytical tools, used by the semiconductor 
industry, has adequate sensitivity for monitoring the concen- 
tration of metal impurities at or below the present threshold 
for device yield. Figure 14 summarizes the sensitivity of 
different techniques to the bulk and surface iron contami- 
nation levels; According to the statistics reported in [294], 
both wafer- and device-makers are employing primarily 
TXRF, lifetime/diffusion length measurement techniques, 
VPD-AAS, and DLTS for routine; assessment of contami- 
nation level of silicon wafers. These techniques, along with 
NAA and mass spectrometry, provide a complex of methods 
suitable to monitor iron contamination in the bulk, in the 
near-surface region, and on the surface. These methods are in 
good quantitative agreement with each other as is confirmed 
by numerous research groups. A good agreement (usually 
within 30%, but often even within 10%) was achieved be- 
tween TXRF and RBS [338], TXRF and NAA [842], ICP-MS 
and AAS [425], TXRF and TOF-SLMS [337,416,843], NAA, 
AAS, and DLTS [443], TXRF and DLTS after diffusion an- 
neal 1174], TXRF and SPV after diffusion anneal [177, 279, 
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Fig. 14. Comparative diagram of bulk and surface detection limits of ana- 
lytical techniques discussed in this study. Actual detection limits may be 
different depending on details of the experimental equipment 

296, 844, 845], DLTS and SPV [1 IU 840, 841, 845], |i-PCD 
and SPV [279]v TXRF and VPD-AAS [298, 344], VPD-AAS 
and SPV after indiffusion [296], VPD-AAS and SPV, :^PCD, 
and DLTS after anneal [846], and surface SIMS and ELY- 
MAT after indiffusion [261, 298]. 

An increase in the sensitivity of analytical toolsto the iron 
contamination level of 10 8 cm" 3 in the next years represents 
an unprecedented challenge for silicon rnerrolpgy, ;Fuxther- 
more, the necessity to understand the chemical state of iron in 
silicon requires techniques thai combine high sensitivity with 
die capability to distinguish different types of chemical bond- 
ing. Parallel to this development in metrology, a 'number of 
relevant physical problems should be addressed arid solved 
in order to gain a better understanding of the physics of low 
contamination levels of iron. These problems include, but are 
not limited to, (a) the iron diffusivity in the ionized/neutral 
charge state; (b) the temperature dependence of the energy 
level of iron; (c) the existence and properties of ^substitutional 
iron; (d) accurate values of pairing constants of; iron with 
boron; (e) the reactions of iron with-Si nativedefects; (f) the 
complexes of iron with oxygen, carbon, hydrogen; (g) the ef- 
fect of cross-contaminatibh witht other metals on the reaction 
paths of . iron;,(h) the analysis of. the physics. of ipn contam- : 
ination during silicon crystal growth and processing of the 
wafers; (i) competitive gettering of iron by gettering sites and 
devices; (j) the segregation coefficient of iron in p/pt epi- 
wafers at intermediate tempei^ures; (k) the stabHity pf^iron 
at gettering sites;; (1) gettering for iowr^ennal-fe(»idget pror- 
cessing; (m) **how clean is clean enough?'* how far? should 
the cleaning technology be pushed?; (n);the deyel<^ment of 
metrology of iron to measure even joy/er Fe cOTCfntfations; 
and (o) the quantification of^e-influenoe of irpnpii device 
yjddLTWs 

of iron contaminatibri-related is$ues pre$ented in this study; 
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